Theoretical and Applied Climatology (2020) 141:729-746
https://doi.org/10.1007/500704-020-03245-w

ORIGINAL PAPER

®

Check for
updates

Oxygen isotopic compositions of meteoric precipitation, drip water,
and aragonitic stalagmite deposition from the Namjang cave

in northwestern Thailand: implications for multi-proxy climate
reconstruction

Chotika Muangsong ' @ - Nathsuda Pumijumnong?@® - Binggui Cai>** - Chaoyong Hu”

Received: 3 April 2019 /Accepted: 27 April 2020 /Published online: 12 May 2020
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

Stalagmites provide one of the few high-quality proxy records of the Thailand monsoon. The Namjang (NJ) cave (19°40"30"N,
98°12'12"E; 923 m a.s.l.), which is situated in the data-scarce region of northwestern Thailand, serves as a unique and important
site that offers great potential for multi-proxy climate reconstruction. We present new data on stable oxygen isotopic (5'*0)
compositions and growth rates of aragonite stalagmites based on an in situ cave and climate monitoring study performed between
August 2012 and October 2013. The dominant factors that control the variations in the 580 values of rainfall, drip water, and
modern aragonite precipitate as well as the variations in the modern speleothem deposition rates and drip water hydrochemical
properties were determined to correctly interpret the climatic signals of the parameters that are derived from speleothems. The
intraseasonal variations in rainfall §'*0 values were faithfully recorded from cave drip water isotopic signals. The monthly mean
values of 5'%0 in cave drip water were lower in the rainy season and higher in the dry seasons and shifted from approximately — 4
in the early rainy months to approximately — 6%o in the late rainy months. These variations have implications for the use of
speleothem §'%0 from the NJ cave as a proxy of the seasonal variations in monsoon rainfall 5'%0 and changes in moisture source
trajectories. The deposition rates of modern speleothem deposits are primarily controlled by drip water flow rates, which are
linked to the amount of water recharge in the cave during the summer monsoon season. There was a significant correlation
between the drip rate and amount of carbonate precipitation for the drip sites NJ-1 (r=10.54, p < 0.040) and NJ-1202 (r=10.76, p <
0.004). Combinations of different parameters and proxies from this area could provide the potential for the further development
of multi-proxy climate reconstructions over different time scales.

1 Introduction

Monsoon rainfall provides a vital supply of water for most
Asian monsoon countries. Tropical and subtropical regions,
where the vast amount of atmospheric moisture originates in
this region, are of particular interest for paleoclimate studies
(Cobb et al. 2007; Lewis et al. 2010). Thailand is a country in
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Southeast Asia (Fig. 1a). Thailand monsoon (TM) is regarded
as a tropical monsoon climate and is located in a transition
zone between the Indian monsoon (IM) and western North
Pacific (WNP) monsoon (WNPM) (Wang and Ho 2002; Wei
et al. 2018). The stable oxygen isotopic (5'0) signature of
water is an important tracer for hydrological and ecological
processes (Clark and Fritz 1997; West et al. 2006; Kumar et al.
2010). Among many applications, 5'%0 and 5D have been
used extensively to determine the origin and pathway of at-
mospheric water vapor (Srivastava et al. 2015) and to interpret
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Fig. 1 aMap of the study region highlighting the location of the Namjang
cave (NJ) (19°40'30"N, 98°12'12"E); two monitoring stations, including
the Namjang village (NJV) station (19°40'5"N, 98°12'13"E, AD 2012—
2013) and Baan Café Nature Resort (CF) station (19°31'8"N, 98°14'51"
E, AD 2012-2013), and the meteorological station in the regions. b Plan
view of the Namjang cave (modified from Phutong 2008) showing the
location of drip sampling sites (NJ-1, NJ-1202, and NJ-1203) and cave
microclimate monitoring location (CH-1 and CH-2). ¢—d Climate data of
the study region including the monthly average rainfall (gray vertical bar),

paleoclimate proxies (Cobb et al. 2007). However, the main
factors that control the isotopic composition in rainfall at any
given site in a tropical area remain debatable because there is a
combination of numerous factors that influence oxygen iso-
topes in meteoric water (i.c., rainfall), and these factors some-
times operate strictly locally rather than regionally (Dansgaard
1964; Araguas-Araguas et al. 1998; Aggarwal et al. 2004;
Lewis et al. 2010; Wei et al. 2018). A better understanding
of the hydrology and isotopic chemistry of tropical monsoon
rainfall are of great importance for paleoclimate reconstruc-
tion, especially in countries located in the boundary area
among the different monsoon regions.

The Namjang (NJ) cave (19°40'30"N, 98°12'12"E) (Fig.
1b) (located in a western region of the Pang Ma Pha (PMP)
district in Mae Hong Son (MHS) province of northwestern
(NW) Thailand) is situated in a climate-sensitive area under
the influence of the Asian monsoon climate and is ideally
suited for paleomonsoon studies (Cai et al. 2010;
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temperature (black dashed line with asterisk), relative humidity (gray
dashed line), and rainfall §'30 value (solid line with solid blue circles)
at the two monitoring stations (NJV and CF) in this study, Mae Hong Son
(MHS 19°18'N, 97°50'E, AD 1911-2013) and Pang Ma Pha (PMP
19°31'N, 98°15’E, AD 1987-2013) meteorological stations (Thai
Meteorological Department, 2013) as well as Bangkok (BKK 13°44'N,
100°34'E, AD 1968-2004) and Yangon (YG 16°46'N, 96°10'E, AD
1961-1963) stations IAEA/WMO 2001)

Muangsong et al. 2011, 2014, 2016, 2018). The tropical cli-
mate in this area is characterized by dry (winter and summer)
and wet (rainy) seasons. Paleoclimate records from this region
are mainly derived from tree rings (Buckley et al. 2007,
Pumijumnong and Eckstein 2011; Buajan et al. 2016;
Muangsong et al. 2016, 2018, 2020; Payomrat et al. 2018;
Pumijumnong et al. 2020) and stalagmites (Cai et al. 2010;
Muangsong et al. 2011, 2014; Chawchai et al. 2018).
Although the variability of speleothem 5'%0 from tropical
and subtropical regions is largely interpreted as being repre-
sentative of the rainfall amount (Yadava et al. 2004; Lewis
et al. 2011; Denniston et al. 2013), this explanation is under
debate due to the other factors that influence rainfall 5'%0 at a
specific site that may not be related to the rainfall amount
(Fischer and Treble 2008). In this area, the interpretation of
proxy records is complicated due to the seasonal response to
the seasonal surface climate (Cai et al. 2010; Muangsong et al.
2011,2014, 2016, 2018). Previous studies emphasized the key
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effect of seasonal monsoon rainfall on either the 5'*0 values
or growth rates of stalagmites and tree ring proxies rather than
total rainfall (Cai et al. 2010; Muangsong et al. 2011, 2014,
2016, 2018). In addition to several factors that contribute to
the variation of oxygen isotopes in rainfall, water movement
processes in the soil zone and epikarst, as well as carbonate
precipitation processes, may modify the signal to different
degrees before it is incorporated into speleothems (Fairchild
et al. 2006; Lachniet 2009). Currently, there is a significant
gap in studies on speleothem-based climate proxy data in
tropical and subtropical regions due to the lack of detailed
cave and climate conditions that can delineate factors that
control speleothem properties. Monitoring data of cave and
climate systems are essential to correctly interpret the
paleoclimate signals that are preserved in stalagmites in this area.

We present new data on the oxygen isotopic compositions
and growth rates of aragonite stalagmites from the NJ cave in
MHS province of NW Thailand based on cave and climate
monitoring data collected between August 2012 and October
2013. The data provide the first results of the constraining
factors that affect Thai stalagmite parameters, and demonstrate
the potential use of stalagmites for a multi-proxy reconstruc-
tion of the Thailand monsoon.

2 Study area and climatology

The NJ cave (19°40'30"N, 98°12'12"E; 923 m a.s.l.) (Fig. 1 a
and b) is located in a western region of the PMP district in the
MHS province of NW Thailand (Cai et al. 2010; Muangsong
et al. 2016). The cave developed in Permian limestone and a
dolostone formation. The NJ cave is approximately 6-m wide
and 60-m long with one narrow entrance (Phutong 2008) (Fig.
1b). The overlying bedrock is approximately 5 m in depth
(Phutong 2008). XRD analysis indicated that the investigated
stalagmite samples were aragonite (Phutong 2008; Cai et al.
2010). The natural vegetation covering this site consists of
mixed deciduous forest with teak (Tectona grandis L.)
(Muangsong et al. 2018).

Typically, the three seasons of winter (November to the
next February), summer (March to April), and rainy (May to
October) are dominated by two monsoon regimes, namely the
southwest (SW) monsoon (or summer monsoon) and north-
east (NE) monsoon (or winter monsoon). According to the
climate data obtained from the MHS (located approximately
45 km from the cave) and PMP (located approximately 19 km
from the cave) local meteorological stations between AD 1911
and 2013 (Thailand Meteorological Department 2013), more
than 90% of the annual precipitation falls during the SW mon-
soon (rainy season) from May to October (Fig. 1 ¢ and d). The
rainy season is generally divided into two rainy seasons,
namely, the early (May—June—July; hereafter referred to as
MIIJ rainfall) and late (August—September—October; hereafter

referred to as ASO rainfall) rainy seasons (Cai et al. 2010;
Muangsong et al. 2016, 2018). The available data from the
MHS station show that the mean monthly temperature (T) is
30 °C in summer, while the temperatures can drop to as low as
22 °C in winter (Thailand Meteorological Department 2013).
Heterogeneous distribution of rainfall can be observed in
Thailand even at the meteorological stations that are only a
few kilometers apart (Kuenzer 2014). The climate of the study
region is described in detail in previous studies (Cai et al.
2010; Muangsong et al. 2016, 2018).

3 Materials and methods

3.1 Local atmospheric climate and cave air climate
monitoring

Local atmospheric climate and cave air climate monitoring
were conducted between August 2012 and October 2013.
Atmospheric climate variables, including temperature, rela-
tive humidity (RH), and rainfall amount, were monitored both
at the Namjang village (NJV) and the Baan Café Nature
Resort (CF) stations (Fig. 1a). The NJV station (19°40'5"N,
98°12'13"E; 900 m a.s.l.) is approximately 1 km from NJ
cave, while the CF station (19°31'8”N, 98°14'51"E; 800 m
a.s.l.) is located in the town of PMP which is approximately
30 km from the NJ cave (Fig. 1a).

The cave air microclimate conditions (T and RH) were
monitored approximately 20 m from the cave entrance (here-
after referred to as “CH-1"), as well as in the inner chamber
approximately 60 m from the cave entrance (hereafter referred
to as “CH-2”) (Fig. 1b). The air temperature and relative hu-
midity were measured by the Onset HOBO® data logger
(Onset Corporation, Bourne, MA, USA), except for the tem-
perature at the CF station, which was measured by a manual
Thermometer at 7 am every day (hereafter referred to as “min-
imum temperature or temperature,;,”’) (Thailand
meteorological department 2013). Unfortunately, we did not
have monitoring equipment on cave air’s carbon dioxide
(CO;,) during the study period between AD 2012 and 2013.
The only available cave air CO, data from the NJ cave were
those collected during cave visit on May 5, 2018 using the
Onset HOBO® MX1102 Bluetooth (BLE) CO, data logger
(Onset Corporation, Bourne, MA, USA). The amount of local
rainfall was automatically recorded by the Onset HOBO®
RG3 data logging rain gauge (Onset Corporation, Bourne,
MA, USA) at the NJV station. The amount of local rainfall
was manually measured with a traditional rain gauge at the CF
station. In both sites, the cumulative monthly rainfall was
collected using a clean plastic container covered by alumi-
nized paper to block sunshine. At each collection, paraffin
oil was placed in the empty container in advance to prevent
evaporation. A water sample for measuring stable isotopes
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was subsampled and preserved in an amber glass vial, which
was then sealed by parafilm.

3.2 Drip water hydrochemical monitoring

A total of three drip sites in the NJ cave were selected in this
study, including a site to measure the drip water that feeds the
previously studied stalagmite NJ-1 (Cai et al. 2010;
Muangsong et al. 2011) (hereafter referred to as the “NJ-1”
drip sampling site) and an additional two drip sites located
near the location of NJ-1 (hereafter referred to as the “NJ-
12027 drip sampling site) and in the inner chamber (hereafter
referred to as the “NJ-1203” drip sampling site) (Fig. 1b).
Accumulated drip water samples were collected on monthly
to seasonal time scales, and instantaneous (or actual) drip wa-
ter samples were collected during the field trip. At each site,
the drip rate and hardness level were measured. Drip water
was also sampled and preserved in an amber glass vial for
stable isotope analysis. To determine the carbonate precipita-
tion rate of drip water, a glass substrate (10 x 10-cm plates)
was placed beneath each drip and was retrieved every month.
The drip rates were defined by counting the number of drops
per unit time. The hardness level was determined according to
the calcium carbonate (CaCOs3) concentration, which was
measured using the Aquamerck® carbonate hardness test kit
(Merck Company, German). Selected hydrochemistry proper-
ties of cave drip water, e.g., electrical conductivity (EC) and
pH were measured using portable pH and EC meters. The
amount of aragonite precipitates, which represents the stalag-
mite growth rate or deposition rate, was measured by
weighing the amount of aragonite precipitated on the glass
plates. Powder subsamples of the aragonite precipitate were
then scraped from the center of the glass plate to measure the
isotopic ratio.

3.3 Stable isotopic ratio measurement

The stable isotope ratios (6D and 5'8%0) from water samples,
both of rain and drip waters, were analyzed at the State Key
Laboratory of Hydrology-Water Resources and Hydraulic
Engineering, Hehai University, China, using a MAT-253 sta-
ble isotope ratio mass spectrometer (Thermo Electron
Corporation, Brement, Germany), as well as at the State Key
Laboratory of Biogeology and Environmental Geology, China
University of Geosciences (Wuhan), using a liquid water iso-
tope analyzer (IWA-35-EP, LGR). The precision was 0.1%o
for both 5'0 and &D. All of the isotope values are reported
in parts per mil (%o0) relative to the international standard,
Vienna Standard Mean Ocean Water (VSMOW), in del-
ta (&) notation.

The 5'*0 composition in the modern aragonite precipita-
tion scraped from the glass plates (hereafter referred to as
“6180aragonite”) was measured using a MAT-253 mass
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spectrometer linked to a Gas Bench-II (Thermo Electron
Corporation, Bremen, Germany) at the Stable Isotope Centre
of Fujian Normal University, China. The accuracy and preci-
sion were routinely checked by running the carbonate stan-
dard, CAI-13, which was carefully calibrated using NBS-18
and NBS-19 after every six sample measurements. The preci-
sion was better than 0.1%oc. All of the oxygen isotope values
are reported in parts per mil (%o) relative to the VPDB in delta
() notation.

3.4 Data analysis

The Pearson correlation analysis was performed to identify the
strength of relationships using the SPSS software program
version 16 (SPSS, Chicago, USA). Scatter plots were used
to test the linear relationship between parameters. Climate
datasets, including precipitation and temperature, were de-
rived from the MHS (AD 1911-2013: 19°18'N, 97°50'E;
268 m a.s.l.) and PMP (AD 1987-2013: 19°31'N, 98°15'E;
800 m a.s.l.) meteorological stations (Thailand
Meteorological Department 2013) (Fig. 1 a and c—d). The
stable isotope ratios in the precipitate from Bangkok (BKK)
(AD 1968-2004: 13°44'N, 100°34'E; 3 m a.s.l.) and Yangon
(YG) (AD 1961-1963: 16°46'N, 96°10'E; 20 m a.s.l.) from
the Global Network of Isotopes in Precipitation (GNIP) sta-
tions (IAEA/WMO 2001) were also used for comparison pur-
poses (Fig. 1 a and c—d).

The moisture sources were identified using deuterium ex-
cess (d-excess) and air mass backward trajectory analyses.
The d-excess values have been widely used as an indicator
of non-equilibrium and evaporation processes (Dansgaard
1964). Deuterium excess is a function of 5'*0 and 5D in water
which was defined as (Eq. 1) (Dansgaard 1964):

Deuterium excess = 5D—8 x 5'0 (1)

Trajectory analyses are commonly used to trace the
source regions of air masses and moisture transportation
into a given area (Ryoo et al. 2011; Hondula et al. 2010).
For simplicity, trajectory analyses were performed to gen-
erate air mass trajectories as an indicator of changes in
moisture transport paths and vapor sources. The data were
obtained from the NOAA Air Resources Laboratory,
Silver Spring, MD, USA, using the HYSPLIT model
available at https://ready.arl.noaa.gov/HYSPLIT.php
(Stein et al. 2015). The 72-h back trajectories starting at
500, 1,000, and 1,500 m above ground level were pro-
duced for each rain seasons, including the early rainy
month (June) and the late rainy month (October). The
trajectories were calculated for the whole month between
the 1st and 30th of June 2012 as well as between the Ist
and 31th of October 2012 at the NJ cave.
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4 Results
4.1 Local atmospheric climate variability

The CF station received an annual rainfall total of 1129.5 mm
(Fig. 1¢), which was a ~ 10% higher rainfall quantity than that
of the NJV station (Fig. 1d). The monthly rainfall totals dem-
onstrated a strong primary wet (rainy) season beginning from
May and continuing into October, while the dry (winter and
summer) season started from November and lasted until the
next April (Fig. 1 ¢ and d). The rainy season accounted for
more than 80% of the total annual rainfall for both the CF and
NJV stations. As previously observed at other meteorological
stations (Fig. 1 ¢ and d), heterogeneous patterns of rainfall
were also clearly evident at our monitoring stations (Fig. 1 ¢
and d). Since the rainfall maximum only occurs once a year
(August—September), the rainfall pattern for the CF station can
be characterized as having a monomodal rainfall distribution
(Fig. 1¢). This monomodal pattern is similar to those observed
in the YG (IAEA/WMO 2001) and MHS (Thai
Meteorological Department 2013) stations (Fig. 1c). On the
contrary, the NJV, BKK (IAEA/WMO 2001), and PMP (Thai
Meteorological Department 2013) stations have bimodal rain-
fall distributions, with the first rainfall maximum in the
early rainy season (May and June) and the second rain-
fall maximum in the late rainy season (August and
September) (Fig. 1d).

The monthly (Fig. 1c—d and Fig. 2a) and daily (Fig. 2b)
average temperatures and RH revealed similar variations at all
stations. At the NJV station, during the cold months in winter
(November to the following February), the monthly (Fig. 1c—
d) and daily (Fig. 2b) average temperatures dropped to 17 °C
(Fig. 1d). In the summer months, the temperatures greatly
increased in April, with temperature maximums of 30.6 °C
(Fig. 1d). The monthly average RH dropped to as low as
42-43% in the hot summer weather (Fig. 1d). However, both
the temperatures and RH values were stable during the wet
period of the rainy season (Fig. 2 a and b).

In general, the overall climate variability during the moni-
toring time period at both the NJV and CF stations is compa-
rable to the long-term averaged patterns based on the dataset
of local meteorological stations (MHS and PMP stations)
(Thai Meteorological Department 2013), as well as the
GNIP stations at Bangkok and Yangon (IAEA/WMO 2001)
(Fig. 1 a and c—d and Fig. 2a). In addition, our monitoring
results further confirmed the strong seasonality of the atmo-
spheric climate variability in this region.

4.2 Cave microclimate conditions
The microclimate conditions within the NJ cave were signif-

icantly influenced by the atmospheric climate to varying de-
grees at different drip sites. The microclimate conditions

followed the atmospheric changes but exhibited smaller am-
plitudes in their variations (Fig. 2 a and b). The monthly and
daily average values of the cave’s temperatures and RH
showed very close relationships with the external climate
measured at the NJV station at the first sampling site near
the cave entrance (CH-1) (daily temperature » = 0.86, p <
0.01, n = 374; daily RH » = 0.87, p < 0.01, n = 374), as well
as in the interior of the cave (CH-2) (daily temperature » =
0.57,p<0.01,n=311; daily RH = 0.90, p < 0.01, n = 311)
(Fig. 2 a and b). At the CH-1, the monthly average tempera-
tures and RH values were 23.1 °C and 72.7%, respectively
(Fig. 2 a and b). However, the temperatures recorded at CH-2
remained more constant (varied from 21.5 to 22.2 °C) than
those at CH-1, with a smaller amplitude of temperature change
than that of the external temperatures and at CH-1, approxi-
mately 14 °C and 4 °C, respectively (Fig. 2 a and b). The cave
microclimate showed a strong seasonality in response to the
surface climate for both the wet and dry seasons (Fig. 2 a and
b), except for the temperature variations at CH-2 (Fig. 2 a and
b). Based on the available CO, data on May 5, 2018, the
averaged concentrations of cave air CO, were approximately
750 ppm and 900 ppm at CH-1 and CH-2, respectively.
Climate conditions outside the cave apparently control micro-
climate conditions inside the cave, especially the locations
near the cave entrance (CH-1). However, at deep location
inside the cave (CH-2) where this monitoring site was located
at the end of the main chamber with the close environment
conditions, it was less controlled by the outside thermal gra-
dient due to the less air exchange.

4.3 Stable isotopic compositions in precipitation

Generally, the time series of rainfall 5'%0 values at the NJV
and CF stations are remarkably similar, even though they are
different in the monthly distributions of the rainfall amount.
The isotopic compositions of rainfall in the dry season (winter
and summer months) were more enriched relative to those of
the wet season (Fig. 1 ¢ and d).

For the rainy season, the amount-weighted rainfall §'*0
values (hereafter referred to as “5'®Opan”) during the early
rainy months varied from — 1.3 to — 6.6%o at the CF station
and from — 1.2 to — 7.3%o at the NJV station (Fig. 1 ¢ and d),
whereas the §'*Og.;, values during the late rainy months fell
within the range between — 5.9 and — 10.6%o at the CF station
and between — 4.6 and — 11.1%o at the NJV station (Fig. 1 ¢
and d). However, there was no observed relationship between
rainfall '®0 and its amount for both the CF and NJV stations
(data not shown) during the rainy season.

Although a heterogeneous distribution of rainfall was clear-
ly observed during the whole rainy season, the isotopic com-
positions of rainfall at the four stations (BKK, YG, CF, and
NJV) exhibited a consistent intraseasonal pattern that was
more enriched in &' ®Og i, values during the early rainy season
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Fig. 2 Monthly (a) and daily (b) temporal variations in rainfall amount,
surface temperature, cave air temperature (Temperature,,,.), and relative
humidity (RH) at NJV, CF, and MHS stations and the NJ cave (CH-1 and

(Fig. 1 ¢ and d). During the late rainy season, a clear decreas-
ing shift in the monthly average 5"80Rain Was observed, ~
3.2%o at the CF station and ~ 2.6%o at the NJV station, which
were lower values than those of the early rainy season (Fig. 1 ¢
and d). This trend matched the long-term averaged seasonal
pattern of 5"80Rain at the BKK and YG stations (Fig. 1 c and
d), which had higher 5'®*Og.i, values in the early rainy season
and lower values in the late rainy season (Fig. 1 ¢ and d),
demonstrating that intra-rainy season patterns of 6'*Og., are
a large regional rather than a local feature.

4.4 Stable isotopic compositions in cave drip waters

Overall, the values of 5'%0 in cave drip water (hereafter re-
ferred to as “5'*0pw”) ranged from — 6.80 to — 2.46%o (a
mean value of — 5.1%o) at NJ-1, from — 6.74 to — 3.55%o (a
mean value of — 5.61%0) at NJ-1202, and from — 7.03 to —
1.56%0 (a mean value of — 5.16%0) at NJ-1203 drip sampling
sites. The seasonal variations in &'%Opy (Fig. 3 a and b)
closely resembled the variation observed in 5"80Rain at the
NJV station (Fig. 3 a and b). The more enriched in 5"%0pw
values were generally observed at the early rainy season and
gradually depleted towards the late rainy season (Fig. 3 a and
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CH-2), except for the temperature at the CF station, which was measured
as minimum temperature (temperature,,;,,)

b). However, the mean value in rainfall §'%0 (— 6.92%0) was
more negative than the 5"80pw values (~ 1.6, 1.5, and 1.8%o
for NJ-1, NJ-1202, and NJ-1203, respectively), indicating that
the typical seasonal and intraseasonal variations in BISORain
were preserved in the §'®0py signals, but their absolute
values were modified in epikarst and/or in cave processions.
The monthly mean §'*Opy values for all drip sites were
smaller in the rainy season and higher in the dry seasons and
shifted from approximately — 4 in the early rainy months to
approximately — 6%o in the late rainy months (Fig. 3b). Most
of the accumulated drip water samples, except those in
September, were more enriched in 5'"80pw values than those
in instantaneous drip water samples (Fig. 4c).

4.5 Drip water characteristics

All three drip sites were hydrologically active from a summer
season in April to a winter season in December. The drip rate
of NJ-1 ranged from 0.23 drips/minute to 1.06 drips/minute,
with a mean value of 0.49 drips/minute, whereas the drip rate
of NJ-1202 had a mean value of 0.28 drips/minute, with a
maximum value of 0.43 drips/minute. The drip rate of NJ-
1203 changed between 0.11 drips/minute and 0.24 drips/
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Fig. 3 a Temporal variations and b monthly average values of climate
parameters outside the cave at the NJV station including rainfall amount
(gray vertical bars); surface temperature (gray solid line); relative
humidity (RH) (black dashed line); rainfall §'%0 (5'®0pain) (black solid
line with open diamond); and stalagmite monitoring parameters including
the 5'80 values of drip water (5" 0pw), modern aragonite precipitated on
glass places (é‘f‘omgme), stalagmite growth rate, drip rate, and drip
water CaCOj3 concentration at NJ-1 (black line with filled gray circles),

minute, with a mean value of 0.17 drips/minute (Fig. 3 a and
b). The drip rates generally decreased from early winter (~
March) to the early rainy months (MJJ) (0.26, 0.26, and 0.16
drips/minute for NJ-1, NJ-1202, and NJ-1203, respectively)
and gradually increased until reaching the maximum rate in
September (1.06 and 0.24 drips/minute for NJ-1 and NJ-1203,
respectively) and October (0.43 drips/minute for NJ-1202)
during the late rainy months (Fig. 3 a and b). There were no
clear seasonal patterns observed for pH and EC, but they are
likely to be bimodal cycles for CaCO;5; concentration.
Variations of pH values varied between 7.8 and 8.6 for the
NJ-1, 8.1 and 8.8 for the NJ-1202, and 8.1 and 9.0 for NJ-
1203 (Fig. 3 a and b). The highest pH values were generally
observed in May (NJ-1202 and NJ-1203) and July (NJ-1)
(Fig. 3 a and b). However, the EC values of cave drip water
vary and are likely inconsistent among sampling sites (Fig. 3 a

NJ-1202 (green line with filled circles), and NJ-1203 (blue line with filled
triangle symbols) drip sampling sites as well as the pH and EC values,
respectively at NJ-1 (gray circle symbols and gray dashed line, respec-
tively), NJ-1202 (green circle symbols and green dashed line, respective-
ly), and NJ-1203 (blue triangle symbols and blue dashed line, respective-
ly) drip sampling sites. The vertical dashed line in b indicates the bound-
ary between early and late rainy seasons

and b). The EC values ranged from 403 to 486 uS/cm for the
NJ-1, from 390 to 446 uS/cm for the NJ-1202, and from 274
to 321 uS/cm for the NJ-1203. There were 2 months of the
highest EC values occurring in May and September for the
NJ-1 drip site. This was similar to the variation seen in the
CaCOj; concentration of the NJ-1(Fig. 3 a and b). The other
sampling sites exhibited a dominant peak of EC in April (NJ-
1202) and November (NJ-1203) (Fig. 3 a and b). The average
values of the CaCO;5 concentration were 536, 475, and 367
mg/1 at drip sites NJ-1, NJ-1202, and NJ-1203, respectively.
The CaCO; concentration were most likely to be bimodal
cycles (Fig. 3 a and b), with the first peak occurring in either
April (NJ-1202 and NJ-1203) or May (NJ-1) and the second-
ary peak occurring in October (Fig. 3b). The lowest concen-
tration was found in June at the NJ-1 drip site and in August at
the rest of the drip sampling sites (Fig. 3 a and b).
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Fig. 4 Correlational analyses between 8D and 5'®0 in a the precipitation
for the GMWL (black solid line) (Rozanski et al. 1993), the RMWL (gray
dashed line) (Araguas-Araguas et al. 1998), and the LMWL (blue solid
line) in present study. The inserted figure shows the plot of D and 5'%0

4.6 Growth rates of modern speleothem deposits

The extreme maximums in the NJ-1 growth rate were found
only during the late rainy months in August and September
(Fig. 3 aand b). The deposition rate at NJ-1202 (a mean value
of 0.11 g/month) exhibited higher values in its deposition rate
than those of NJ-1 (a mean value of 0.07 g/month) and NJ-
1203 (a mean value of 0.04 g/month) (Fig. 3 a and b).

4.7 Oxygen isotopic composition in modern
speleothem deposits

6180amgonite precipitated on glass plate substrates ranged from
— 6.5 t0 3.6%0, — 6.4 to — 2.9%o0, and — 7.2 to — 0.2%0, with
mean values of — 3.08%o, — 5.02%o0, and — 4.56%¢ for NJ-1,
NJ-1202, and NJ-1203, respectively. The variations in
6180mg0nite showed obvious seasonal and intraseasonal vari-
ations, which were similar to those of their feeding drip water,
with more positive values during the dry (winter and summer)
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along the LMWL for different seasons. b Accumulated drip waters (circle
symbols) and instantaneous drip waters (asterisk symbols) plotting below
the LMWL. ¢ Comparison between 5'"80pw values of accumulated and
instantaneous drip water samples

season and in the early rainy season, whereas more negative
values were obtained in the late rainy season (Fig. 3 a and b).

5 Discussion
5.1 on the isotopic compositions of precipitation
5.1.1 Local meteoric water line

As there are relatively few rainfall isotopic data in Thailand,
the first local meteoric water line (LMWL) of NW Thailand
was constructed and plotted against the reference meteoric
water lines, including (1) the global meteoric water line
(GMWL) (Rozanski et al. 1993) and (2) the regional meteoric
water lines (RMWL) of Southeast Asia (Araguas-Araguas
et al. 1998). This study is the preliminary due to the sparse
datasets. The LMWL (2 = 0.991, n = 16) (Eq. 2) was defined
using monthly rainfall samples from the NJV and CF stations
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over the monitoring period as:
LMWL : 8D = 8.22 x 5'0 + 10.07 (2)

The plots of the 5"80Rain values were generally clustered
along the GMWL and RMWL (Fig. 4a) and showed little
deviation from these reference lines during the dry season
and late rainy season (Fig. 4a). These results indicated that
the isotopic composition of precipitation in the study site
reflected the isotopic composition of the regional meteoric
precipitation.

5.1.2 Effects of changes in moisture sources

Among the other effects influencing oxygen isotopes in me-
teoric water, the rainfall amount is one of the dominant con-
tributors to 8'®Og,i, in the tropical and subtropical regions,
with an inverse relationship between rainfall 5'%0 and its
amount (Rozanski et al. 1993; Aragués-Araguas et al. 1998).
We evaluated this relationship and found that there was no
observed correlation between the two variables at the monthly
time scale. Previous studies have reported that isotopic varia-
tions in present-day Asian monsoon precipitation, especially
in the Southeast Asian region, are controlled by moisture
source regimes rather than local precipitation amounts and
temperature (Aggarwal et al. 2004; Sengupta and Sarkar
2006; Le Duy et al. 2018; Wei et al. 2018). Moisture
transported from the Indian Ocean is characterized by less
negative 5'*0 values, while the air circulation regime induces
a higher flux of isotopically depleted moisture that is
transported from the western tropical Pacific Ocean, resulting
in more negative 5'%0 values (Aggarwal et al. 2004). d-excess
in precipitation has been used as a useful tracer of the origin of
atmospheric vapor (Rozanski et al. 1993). The moisture
source originating from the Indian Ocean is often associated
with higher d-excess values (> 10%o) compared with that from
the Pacific Ocean (Frohlich et al. 2002; Bershaw 2018) due to
the lower d-excess values of summer precipitation originated
from the Pacific Ocean (Bershaw 2018). The d-excess values
of rain water also exhibited intraseasonal variations (Fig. 5).
The d-excess values in the early rainy season were quite high
and were centered on a narrow range (Fig. 5). By comparison,
the d-excess values in the late rainy season were spread over a
larger range, with lower values during the major rainfall peak
in September (Fig. 5).

Although secondary evaporation in the process of falling
raindrops can also result in lower d-excess values, the higher
RH and lower temperature during the late rainy season, espe-
cially in September, indicated that secondary evaporation
could not be the reason for this intraseasonal diversity in d-
excess. The lower d-excess values in September indicated that
moisture mainly came from the Pacific Ocean. Hence, the
intraseasonal feature of d-excess indicated that the moisture

15
10 - 9 o

8180, (%o, VSMOW) and Deuterium-excess (%o)

r=0.43, p<0.059
I T T O O
8§ 91011121 2 3456789
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Fig. 5 Monthly temporal variations of 5"80Rain (solid circles) and
deuterium excess values (open circles) for a CF and b NJV stations.
Note that the seasonal §'%0gy, and deuterium excess data during the
dry season were excluded

that contributes to this area during the early rainy sea-
son shows unicity and points to the Indian Ocean, while
the moisture source for the late rainy season is much
more complex, with its important contributor likely be-
ing the west Pacific Ocean.

Air trajectory models were used to demonstrate the
source of the air parcels that produce precipitation at a
specific location (Ryoo et al. 2011; Hondula et al.
2010). Preliminary analyses of the air mass trajectories
in the study site confirmed that the moisture contributed
from the tropical Indian Ocean generated the early season
rain (Fig. 6a) and revealed more enriched 5'*0 values
(Fig. 3 a and b), whereas most of the moisture during
the late season rain, which had more depleted 5'%0 values
(Fig. 3 a and b), was a mixing of air masses originating
from the Indian Ocean as well as the continental air mass
from mainland China, maritime air masses from the South
China Sea (SCS), and western North Pacific (WNP)
Ocean (Fig. 6b). The results implied that 5'80Rain in our
study site was more related to moisture sources and trans-
port patterns rather than to the local amount effect.
Variations in TM 5180Rain values result from the sources
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Fig.6 The 72-h back trajectories starting at 500, 1,000, and 1,500 m above ground level (Stein et al. 2015) for a early rainy month (June) and b late rainy

month (October) at the NJ cave location

of moisture where an air mass originates. There is strong
evidence supporting the potential use of stalagmite stable
isotopes to detect dual vapor sources and transport
pathways.

5.2 Controls of speleothem oxygen isotopes (5'20)
5.2.1 Factors controlling §'20 in drip water

For perennial drip in caves with a thick overlying bedrock, the
5"80pw values are thought to be (or close to) representative of
the mean value of yearly or multi-yearly rainfall (e.g., Duan
etal. 2016; Wang et al. 2016). In general, 5180DW follows the
variations in §'¥Og,;, and exhibits a similar seasonal mode,
indicating the rapid response of 6180DW to 6180Rain and that
5'®0py inherits the seasonal pattern of 5'*Og.;,. However, it
should be noted that this seasonal trend is superimposed with
other processes. Compared with the weighted 5"80Rain values,
the 5'80pw values are enriched to different extents, with dif-
ferent scopes of discrepancy among the three monitoring drip
sites (Figs. 3 and 4). The only exception occurs in September.
In September, the 5'*Opw values for all drip sites are roughly
similar and are nearly close to the weighted 6180Rain. In the
diagram of 5D-5'%0, the drip water isotopic values are shown
to be below the LMWL (Fig. 4b), suggesting that secondary
evaporation should occur in the infiltration processes through
the epikarst and (or) discharge processes in the cave. Taking
the drip rate curves into consideration, it seems that evapora-
tion most likely occurs in the cave process. The drip rates for
all of the drip sites show a similar response pattern. Although
their absolute values are quite different, they abruptly increase
in September and then slowly decrease (Fig. 3). The drip rate
and relative humidity maximums (Fig. 3) coincide with the
isotopic homogenization among all drip sites, with more neg-
ative 5'®Opw values in September, demonstrating that isoto-
pic homogenization among different drip sites in other months
should occur in the cave (Fig. 3 a and b). The heterogenization
of 5'®0pw among the drip sites arose from the different dis-
charge rates and different cave micro-environments of each
drip site, e.g., the ceiling height and location of the drip site,
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when both the RH of the cave and drip rate are low. The
comparison between the 5'*Opy values in accumulated drip
water and those of collected instantaneously gives additional
evidence for the evaporation effect in the cave. The evapora-
tion effect is strong during the dry season and is relatively
weaker during the early rainy season (Fig. 4c).

In short, the variations in the §'®Opyw values in the NJ cave
followed the changes in the 5" ORain values, exhibiting a dis-
cernible seasonal pattern with much heavier values in the dry
and early rainy seasons than those in the late rainy season,
especially in September (might also be in the late August).
The §'®0pw values in the late rainy season were close to the
weighted average value of 5180Ram and exhibited homogene-
ity among the drip sites, while the values in the dry season
were more enriched in 5'%0pw due to the evaporation effect in
the cave, resulting in heterogeneous values among the drip
sites. The 5'®Opy values in the early rainy season were influ-
enced by a heavier 5'®Og,;, input and were superimposed by
small effect of evaporation, resulting in higher values than
those in the late rainy season.

5.2.2 Oxygen isotopic fractionation between modern
aragonite precipitation on glass plate and drip water

Evaluating the dominant controlling factors of speleothem
5'%0 and the fractionation behavior appears to be necessary
to correctly interpret the isotopic signals as well as to select
suitable speleothem samples for extracting paleoclimate data
(Lietal. 2011; Pu et al. 2016). The two equations of Patterson
et al. (1993) and Kim et al. (2007) were applied to calculate
the aragonite-water fractionation equations and the expected
speleothem &'%0 deposits at equilibrium conditions (Tables 1
and 2). The measured 61802,r2,g‘,,,ite values of modern aragonite
precipitated on glass plates were more equivalent to the ex-
pected 5‘80amgmte values calculated from the equation of
Kim et al. (2007) than those of Patterson et al. (1993), with
only slightly different values of 0.09%¢ for NJ-1202 and
0.01%o for NJ-1203 (Table 1). These results implied that the
stalagmites under the NJ-1202 and NJ-1203 drip sampling
sites were deposited at or close to isotopic equilibrium
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Table 1 Measured and calculated average 5'%0 values of modern speleothem deposits from the Namjang cave for the interval of approximately AD
2012 to 2013
Samples Measured Measured” Temp.pw  Equation from Patterson et al. (1993)b Equation from Kim et al. (2007)°
6180'dragunite 6180DW (%0, (OC)
(%o, VPDB) VSMOW) Oaragonite.  1000I00tragonite.  Predicted Oaragonite.  1000INCragonite.  Predicted
‘water ‘water ! 8Oamgonite ‘water ‘water ! 8Oamg0nite
(%0, VPDB) (%0, VPDB)
NJ-1 —3.08 -5.09 22.84 1.03063 30.17 - 537 1.03108 30.61 —493
NJ-1Rain — 5.13 - 5.60 23.09 1.03057 30.12 -593 1.03102 30.55 —5.49
NJ-1202 —5.02 -5.11 22.71 1.03065 30.19 -5.37 1.03111  30.63 —493
NJ-1203 —4.56 —4.86 22.20 1.03076  30.00 -5.01 1.03122  30.74 —4.57

#The VSMOW to the VPDB conversions of drip water 5" 0 values (5'® Opw) was calculated from the expression of Coplen et al. (2002): 5" Oyppp =
0.970015'® Oysmow — 29.99

bAragonitefwater fractionation equation by Patterson et al. (1993): 100In0,ragonite-water = 18.56 £ 0.32 (10%/T) — 33.49 + 0.31° Aragonite—water

fractionation equation by Kim et al. (2007): 100In&;ragonite-water = 17.88 £ 0.13 (10°/T) — 31.14 + 0.46

conditions. At the NJ-1 drip sampling site, the 5180amgomtc
values were almost 0.5-2%o dry months, which probably rep-
resent higher than the values calculated by Patterson et al.
(1993) and Kim et al. (2007) (Table 1). This result indicated
the presence of significant kinetic fractionation during the
aragonite precipitation of the stalagmite formed under the
NJ-1 drip sampling site. The possible mechanisms relating
the disequilibrium isotopic fractionations include the evapora-
tion driving the supersaturation of drip water, leading to an
isotope-enriched drip water solution and the rapid degassing
of CO, from water during stalagmite deposition (Hendy
1971). Previous study showed that the growing rate and
5'%0 values of stalagmite NJ-1 depend largely on the portions

Table 2
approximately AD 2012 to 2013

of early and late rains. Thus, the stalagmite deposited under
the NI-1 drip site is most influenced by rainfall during the
rainy season and is less influenced by a less (or no) rain during
the dry season (Cai et al. 2010). Typically, the disequilibrium
conditions occur when the cave RH is low. According to the
monitoring data in this study, the atmosphere of the NJ cave
becomes progressively drier during the summer and winter
months, with an average RH value of 58%, and wetter during
rainy months, with an average RH value of 95% for the cave
interior. This evaporation process should have slight but neg-
ligible influences on the stalagmite NJ-1 deposits during the
rainy season when the cave RH remains close to 100%. The
aragonite-water fractionations at the NJ-1 drip sampling site

Measured and calculated monthly 5'%0 values of modern deposits under the drip water which feed the stalagmite NJ-1 for the interval of

Month/ Measured Measured® Temp.pw Equation from Patterson et al. (1993)° Equation from Kim et al. (2007)°
year 8" Ouagonitc (%o0s 8'"Opw (%o, (°C)
VPDB) VSMOW) Oaragonite-  1000IN0¢agonite.  Predicted Oaragonite-  1000IN0¢,ragonite.  Predicted
water water ! goamgonite water water ! Soaragonite
(%0, VPDB) (%0, VPDB)
08/2012 —5.57 —5.86 22.75 1.03064 30.18448 -6.13 1.03110  30.62463 —5.69
09/2012 —6.31 —7.00 22.71 1.03065 30.19258 —7.25 1.03111  30.63312 —6.81
10/2012 —1.68 -5.90 22.86 1.03062 30.16313 -6.18 1.03107  30.60225 —5.75
112012 —1.37 -5.52 22.89 1.03062 30.15721 -5.81 1.03107 30.59604 -5.37
12/2012 —1.08 —5.24 21.93 1.03082 30.35338 -5.33 1.03128 30.80169 -4.89
03/2013 1.51 -4.16 23.83 1.03042 2996414 —4.65 1.03086 30.39365 -422
05/2013 —2.49 —4.60 24.30 1.02847 28.07481 —4.86 1.02854 28.14217 -4.79
06/2013 —4.79 —4.88 23.86 1.03041 29.95830 -5.37 1.03085 30.38753 -4.95
07/2013 —4.20 —4.53 23.24 1.03054 30.08491 —4.89 1.03099 30.52025 - 446
08/2013 —6.50 -6.12 22.48 1.03070 30.2399 -6.32 1.03052 30.06273 -6.49
09/2013 —5.99 -7.00 22.75 1.03064 30.18477 -7.26 1.03110  30.62493 —6.82
10/2013 —6.50 —=7.00 22.86 1.03062 30.16313 —6.88 1.03107 30.60225 - 645

a b ¢ Dataset was calculated as in Table 1
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were further calculated with separate month values with the
assumption that the disequilibrium condition could only occur
in dry months (i.e., from November 2012 to April 2013) when
the cave air RH was very low (Table 2). Most of the
6180mgonite values measured during the rainy months were
close to the theoretical value predicted by Kim et al. (2007)
(Table 2). Comparisons between the measured and predicted
modern 5180mg0me values while excluding data from the dry
months probably represent non-equilibrium conditions (NJ-
1Rain), indicating that the stalagmite that form under the NJ-
1 drip sampling site was precipitated at or near oxygen isoto-
pic equilibrium during the rainy season (Table 1). The average
monthly 6180mgomte values of the precipitate on glass plates
(= 5.02%0 and — 3.08%0) were close to the published isotope
data for the top of the fossil stalagmite NJ-1 (- 6.8%0 and —
3.3%0) (Cai et al. 2010). Although rapid water (i.e., rain and
drip waters) flow rate associated with high CO, degassing rate
of drip water can possibly lead to disequilibrium deposition
for stalagmite NJ-1 during the rainy season, we were unable to
determine this effect due to the lack of CO, equipment during
the study period in AD 2012-2013.

For the drip site NJ-1202, it should be noted that the equi-
librium condition during the dry season may be a presenta-
tional result in our monitoring experiment. The effect of evap-
oration on isotopic equilibrium should theoretically be similar
for the NJ-1 and NJ-1202 drip sampling sites because both
sites have similar RH with the low levels of RH during the dry
season. However, the discrepancy between these two drip sites
could be reasonably explained by the duration of carbonate
precipitation. The NJ-1 is a drip site with bigger buffer where
drip water abruptly slows down after the rainy season and then
keeps stable with slow drip rate through the following dry
season (Fig. 8). Therefore, the carbonate deposition occurred
continuously during dry season that resulted in significant
effects of evaporation. For the NJ-1202 drip site, the drips
may stop periodically because of its small buffer. The time
for the deposition of the NJ-1202 is much shorter than mon-
itoring intervals, possibly short terms after the rainy season
and (or) before the next rainy season. This short duration of
stalagmite precipitations means less evaporation compared
with the NJ-1. Unfortunately, we were unable to identify this
possible process due to less frequent monitoring.

Overall, the 5'%0py values were clearly shown to exert a
dominant control on 5180%0“% (Fig. 7b). Successive inter-
pretation of the stalagmite 5'*0 value mainly depends upon
the understanding of how the isotopic composition of meteor-
ic precipitation was modified in cave drip water and thus pre-
served in the stalagmite. In this study, the results indicated that
the variations in 5'®0 values of stalagmites formed under the
drip sites NJ-1202 and NJ-1203 were primarily a function of
the variation in cave drip water 5'%0 value, which in turn,
were linked to the variability of rainfall 5'%0. However, the
5'%0 values of stalagmite NI-1 that likely experience non-
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equilibrium conditions during its deposition in the dry season
should be used with caution for further research.

5.3 Controls on speleothem growth rate

The monthly contents of the aragonite deposition for the three
drip sites exhibited two reversed seasonal variation modes
(Fig. 3b). For the drip sites NJ-1 and NJ-1202, the aragonite
deposition rate follows the change in the drip rate, with peak
values during the late rainy season from August to October
and low values in the dry season from December to following
July. Although the monthly average aragonite deposition and
drip rate for the drip site NJ-1 generally show the similar
variation trends (Fig. 3b), this observed patterns in 2013 indi-
cate the possible 1-month lag (from August to September) of
aragonite deposition (Fig. 3a). There were significant correla-
tion between the drip rate and amount of carbonate precipita-
tion for both NJ-1 (»=0.54, p < 0.040, n = 12) and NJ-1202 (»
= 0.76, p < 0.004, n = 12) (Fig. 8b), although the absolute
values of both the deposition amount and drip rate at drip site
NJ-1203 showed peaks during the summer dry season and
early rainy season from April to June and then slowly de-
creased, with a significant negative correlation (» = — 0.72, p
< 0.008, n = 12) (Fig. 8b).

There are numerous parameters, e.g., the drip rate, Ca**
concentration, ceiling height, temperature, and RH and CO,
contents in cave air, that may influence carbonate precipitation
from drip water (approximately to stalagmite growth) (Genty
et al. 2001; Cai et al. 2011; Baker et al. 2007; Duan et al.
2011). Carbonate precipitation presupposes that the “mother”
water is supersaturated. For a drip site with a high degree of
saturation, the amount of precipitation will be directly con-
trolled by the carbonate flux, which is a function of the drip
rate and cation concentration in the feeding drip water. NJ-1
and NJ-1202 are representative of this case. The slow drip rate
can extend degassing time. Monitoring sites are in a relatively
large chamber and close to cave entrance, indicating a rapid
exchange of cave air with outside air. This together with less
discharge in the cave may contribute to low levels of air CO,
inside the cave. The low concentration of cave air CO, of less
than 1,000 ppm with long degassing prefers supersaturation of
drip water (Cai et al. 2011; Duan et al. 2011; Pu et al. 2016).
Therefore, the drip rate becomes the first controlling factor for
the amount of carbonate precipitation. NJ-1203 is representa-
tive of another case in which the degree of saturation may be
an important limitation for carbonate precipitation, as it was
for other studies found in the Asian monsoon regions (Cai
et al. 2011; Duan et al. 2011; Pu et al. 2016). The degree of
saturation of drip water was mainly determined by the drip
rate and cave air CO, level. In the rainy season, the CO, level
abruptly increased in a closed chamber due to a large amount
of water discharging into the cave. Although the long-term
variations in cave air CO, data were unavailable during the
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rainfall 6'0 (8'80gain) values and b modern aragonite 5% precipitates
on glass plates (6180aragoni(e) at NJ-1, NJ-1202, and NJ-1203 drip

study period in AD 2012-2013, measurements of cave air
CO, levels taken during cave visit in AD 2018 during the
early rainy season showed that the cave air CO, concentra-
tions in a close chamber (CH-2) was approximately 150 ppm
higher than those in an open chamber (CH-1). Both the high
discharge rate and high cave air CO, level reduced degassing
and the degree of saturation in drip water, and thus reduced
carbonate precipitation (Cai et al. 2011; Duan et al. 2011).
Compared with the other two drip sites, the drip rate in NJ-
1203 is similar to that in NJ-1202, both in the absolute value
and seasonal pattern. The distinguishing difference in the en-
vironment between NJ-1203 and the other two drips is that
NJ-1203 is located in the inner chamber, where the cave air
CO, level may be much higher, which would reduce
degassing and carbonate precipitation in the rainy season
(Cai et al. 2011; Duan et al. 2011). Moreover, the lower
CaCOs; concentration associated with the higher drip rates
observed in NJ-1203 is probably an additional factor affecting
this negative correlation due to the smaller amount of calcium
carbonate deposits forming a stalagmite. As a result, the
amount of carbonate precipitation in NJ-1203 has a high neg-
ative correlation with the drip rate. The inverse response of
carbonate precipitation to the drip rate in this cave indicates
the complexity of the stalagmite growth rate, even in this

sampling site. Linear regressions are shown with black lines, 7 represents
Pearson’s correlation coefficient, and # is the number of data points

region. A successful interpretation of the stalagmite growth
rate should be based on careful calibration. In this cave, the
growth rate sequences derived from stalagmites from the outer
chamber (saying NJ-1 and NJ-1202) can possibly be taken as
an index of rainfall and are expected to be duplicated if their
time scales are as promised.

The response of individual drips to the surface climate is
strongly related to the characteristics of epikarst aquifers and
the water flow in the unsaturated zone (Baker et al. 1997). The
drip rates for all three drip sites do not increase obviously in
the early rainy season. The drip rates reach their peak values
until September, coinciding with the rainfall annual peak (Fig.
1 ¢ and d), indicating that intense rainfall during the late rainy
season contributes to more recharging water. An alternative
explanation for this delayed response is that their buffer is
large. However, much more transient drips in September were
observed. Furthermore, NJ-1 rapidly responded to an intense
rainfall in September 2012 (Fig. 3). This evidence implies that
intense rainfall during the late rainy season likely contributes
to more recharging underground water. A major rainfall peak
during the late rainy season (August to October) contributes
up to 51% of the summer monsoon rainfall in this region (Thai
Meteorological Department 2013). The maximum in drip wa-
ter flow rates in the late rainy season implied that higher ASO
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rainfall led to faster rates of the drip water feeding the stalag-
mites in NJ-1 and NJ-1202 (Fig. 3 a and b). Comparisons
between the carbonate precipitation rates and drip rates at
NJ-1 and NJ-1202 confirmed that the growing rates of the
stalagmites under these drips are primary controlled by the
drip water flow rates (Fig. 8b). Higher drip water flow rates
with greater speleothem depositions at NJ-1 suggest a rapid
response to surface rainfall and indicate a short residence time
of rain waters stored in the unsaturated zone above the cave.
The growth rates of previously published stalagmites from the
NIJ cave are susceptible to seasonal climate forcing, particularly
in the late rainy season (Cai et al. 2010; Muangsong et al. 2014).
Our results further confirmed that the growing rates of the studied
stalagmites from the NJ cave are primary controlled by the drip
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water flow rates, which are linked to the amount of water re-
charge into the cave during the summer monsoon season. These
results lead to an interpretation of the stalagmite growth rates
derived from stalagmite NJ-1 and NJ-1202 being a reliable and
robust proxy of the rainfall amount.

5.4 Implications for Thailand monsoon reconstruction

5.4.1 Implications for speleothem-based stable isotope record
of TM

The seasonal pattern of §'0 in local monsoon rainfall is closely
related to that of a broad region in Southeast Asia, with relative
less negative values in the early rainy season (May—June—July)
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and lower values in the late rainy season (especially in
September). Drip water 5'%0 from the NJ cave could inherit
the signals of rainfall 5'0 but is shaded by the evaporation effect
in the cave and/or in the epikarst during the dry season and early
rainy season. This effect overlaps the recharging rainfall signal,
thus strengthening the seasonal change in 5'®*Opy and resulting
in significant positive values in the dry season and early rainy
season, with much negative values in the late rainy season. In
some cases, this positive distortion could be further strengthened
by non-equilibrium isotopic fraction that occurs in carbonate
precipitation. For example, 5'0 in carbonate from drip site
NJ-1 is a positive departure from feeding drip water during dry
season. These monitored results demonstrate the complexity of
the interpretation of the stalagmite 5'®0 from this region, espe-
cially for a cave that undergoes seasonal changes in its environ-
ment. To better understand stalagmite 5180, careful calibration
with local meteorological data and data monitoring are necessary.
For the NJ cave, the 580 records derived from different stalag-
mites may record different aspects of the climate history. Because
the possible dynamic fraction effects act in the same direction as
the seasonal pattern of rainfall, the stalagmite fed by drip at NJ-1
may record the seasonal impact of rainfall and emphasize the
signal of rainfall in the late rainy season, especially in late
August and September, because large carbonate deposition with
a negligible dynamic fraction was influential during this time
period (Fig. 3 a and b). A similar case should occur for the
stalagmite fed by NJ-1202. However, the stalagmite fed by NJ-
1203 may be of the other case due to the smaller carbonate
deposition in the late rainy season. Therefore, the monitoring data
used in this study further support our previous calibration result
for stalagmite NJ-1, in which we found §'%0 in NJ-1 to have a
strong negative relationship with rainfall in the late rainy season,
especially in September, and we also found that it had a weak but
significant positive relationship with rainfall during the early
rainy season (MJJ) (Cai et al. 2010; Muangsong et al. 2011).
The 5'80 values of stalagmite formed under drip sites NJ-1202
and NJ-1203 from the NJ cave can be regarded as a proxy of the
seasonal variation in monsoon rainfall 5'*0 and can be used to
explore the history of moisture source trajectories in this region.
Because isotope disequilibrium effects possibly affected stalag-
mite NJ-1 §"%0 values during the dry season, careful calibration
and verification processes are required to further test the applica-
bility of stalagmite NJ-1 5'%0 values.

5.4.2 Implications for speleothem-based growth rate record
of TM

The seasonal variability in the amount of carbonate precipita-
tion shows two inverse response patterns to the drip rate. For
drip sites in a relatively open environment, e.g., drips NJ-1
and NJ-1202, moderate to strong positive relationships were
found between the carbonate deposition amount and the feed-
ing drip rate. The responses of individual drips to surface

climate were strongly related to the rainfall amount.
Increased amount of rainfall maintains drip water at a high
level and increases the amount of the speleothem deposition.
The extreme maximum growth rates at the NJ-1 drip site were
amounts found during the late rainy months in August and
September and were likely constant for the other months
(Fig. 3 a and b), indicating that the NJ-1 growth rates were
dominated by rainfall and drip water during the late rainy
season. As a result, the NJ-1 growth rates could be best
interpreted as a proxy for the amount of rainfall in the late
rainy season or ASO rainfall. This result is accordant with
the annual layer change in stalagmite NJ-1 (Cai et al. 2010).
Although the NJ-1202 drip rates were induced by a high
amount of late season rain, there were two periods with the
highest growth rate at this drip site in both the early and late
rainy seasons (Fig. 3 a and b). The growth rates of the stalag-
mite under the NJ-1202 drip site could have the greatest po-
tential for high-resolution reconstructions of either ASO rain-
fall or the rainfall total during the whole summer monsoon
season. The reverse is true of the drip sites NJ-1 and NJ-
1202, and the seasonal variation in the amount of carbonate
precipitation of the drip NJ-1203 is anti-correlated to the other
drip sites due to less deposition in rainy season, while more
deposition occurs in the succedent dry season. The additional
rainfall in the rainy season, especially in the late rainy season,
can maintain more flux in the following dry season. The an-
nual deposition rate is also dependent on the rainfall amount,
implying that §'®0 in the stalagmite fed by drip at NJ-1203
may be inappropriate for use in a paleoclimate study because
most of the carbonate deposition occurred in the dry season
and might be deeply influenced by dynamic effects. However,
its growth rate could provide the rainfall history and is possi-
bly comparable to other stalagmites, e.g., NJ-1 and NJ-1202,
if their time scales can be well constructed.

5.4.3 Potential for developing multi-proxy climate
reconstructions

Climatic information derived from multiple-proxy series gener-
ally improve the robustness of paleoclimate reconstructions
(Smith et al. 2006; Li et al. 2010). The integration of proxy data
from this area is a major challenge, as there are limited numbers
of highly qualified climate proxies with an equivalent quality.
Proxy indicators of Thailand’s climate, including teak tree rings
and stalagmites, are sensitive to seasonal climate forcing (Cai
et al. 2010; Muangsong et al. 2016, 2018). Correlations of sta-
lagmite '%0 with the growth rate parameter (NJ-1 = — 0.43, p
< 0.030, n = 12; NJ-1203 r = 0.63, p < 0.025, n = 12) and the
factor controlling the growth rate (i.e., drip rate) (NJ-1 » =— 0.64,
p <0.025, n=12; NJ-1202 » = — 0.52, p < 0.036, n = 12; NJ-
1203 » =—0.79, p < 0.11, n = 12) strongly confirmed the high
potential for a speleothem-based integrated multi-parameter ap-
proach for climate reconstruction. The similarity in the climate
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response between the growth rate and 5'%0 variables of the sta-
lagmites under the NJ-1 and NJ-1202 drip sites showed a greater
potential of achieving high-resolution and fast-response climate
records than that of stalagmite under the NJ-1203 drip site and
provided a possible integration of multiple parameters at a high
temporal resolution. The combination of a high rate of modermn
aragonite deposition, rapid response to seasonal climate of drip
water flow rate, and clear and consistent seasonal trends of
5'%0pw and <5180aragomte precipitates indicated that stalagmite
NJ-1 best preserves the intraseasonal climate variability. The
minimum of stalagmite 580, which is associated with the max-
imum growth rate, indicated more rainfall in the late monsoon
season (ASO rainfall) or a strong TM. Comparisons with other
stalagmite samples and/or other proxies are required to further
verify the NJ-1 climatic signals. The 5'0 values and growth
rates of the stalagmite under the NJ-1202 drip site can be com-
bined as both proxy indicators of late monsoon rainfall and total
rainfall. Tree rings and stalagmites in this area have high potential
for multi-proxy comparisons because both natural proxies suc-
cessfully record paleoseasonality (Cai et al. 2010; Muangsong
etal. 2011, 2014, 2016, 2018). Combinations of different param-
eters and proxies from this area provide the potential for further
developing multi-proxy climate reconstructions over different
time scales.

6 Conclusion

We present new data on the oxygen isotopic compositions in
rainfall, drip water, and their carbonate deposition, as well as
the carbonate precipitation amount from the NJ cave in MHS
province of NW Thailand based on cave and climate monitor-
ing data collected between August 2012 and October 2013.
The data provide the first results of the constraining factors
that affect Thai stalagmite parameters and demonstrate the
potential use of stalagmites for multi-proxy reconstruction of
the Thailand summer monsoon. The conclusions of this study
can be summarized as follows:

(1) The 5'®ORain value from this area reveals a clear similar
seasonal pattern, with more enriched &'*Ogg, values during
the early rainy season and more depleted 5'*Oggin values
during the late rainy season. This seasonal pattern is similar
to that of the broad region of Southeast Asia. The shift of
SISORain values possibly results from the domain sources of
moisture where an air mass originates.

(2) The 5'"®Opy value in the late rainy season is close to the
weighted average value of rainfall and is homogenic among
monitor drip sites, while those in the dry season are rich in
5"80pw value due to the evaporation effect in cave,
resulting in much heavier and more heterogeneous values
among the drip sites. The '8 0pw value in the early rainy
season is influenced by a heavier 6180Rain input and
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superimposed with evaporation effect, resulting in heavier
values compared with those of the late rainy season and
exhibiting a discernable season pattern with much heavier
values in the dry and early rainy seasons, with more nega-
tive values in the late rainy season, especially in September
(might also be in late August).

(3) The §'®0pyw value as well as modern 5180mgme pre-
cipitated on glass plates generally precipitated at the ox-
ygen isotopic equilibrium during the rainy season, espe-
cially in the late rainy season. The dynamic isotope frac-
tionation effect was found to occur in the dry season for
site NJ-1, resulting in a small positive excursion that
overlapped with the positive 5" 0Rain in the early rainy
season, strengthening the seasonal pattern of
5! 8Oaragonite. Because of the greater carbonate deposition
in late rainy season for sites NJ-1 and NJ-1202, their
<5180aragomte response dominates rainfall in the late rainy
season, especially in September.

(4) The individual drip rate abruptly increases from
September to October, exhibiting a strong response to
rainfall in the late rainy season. Seasonal visibilities in
the amount of carbonate precipitation show two inverse
response patterns to the drip rate. For drip sites in a
relatively open environment, e.g., drips NJ-1 and NJ-
1202, a strong positive relationship was found between
the carbonate deposition amount and feeding drip rate,
indicating that the growth rate of the stalagmites fed by
these drips was dominated by rainfall during the late
rainy season.

(5) Combinations of different stalagmite parameters from
this area provide the potential for further developing
multi-proxy climate reconstructions over different time
scales.
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