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ABSTRACT

Mainland Southeast Asia experiences complex and variable hydroclimatic conditions, mainly due to its location
at the intersection of Asian monsoon subsystems. Predicting future changes requires an in-depth understanding
of paleoclimatic conditions that is currently hindered by a paucity of records in some regions. In this paper, we
present the first speleothem stable isotope records from western Thailand detailing the Bglling-Allergd inter-
stadial, Younger Dryas termination, and early- to mid-Holocene period. We find evidence of higher precipitation
during the Bglling-Allergd (14,321-12,824 years before present (1950: BP)) compared to a Younger Dryas
termination that starts 11,702-11,674 BP, has a rapid shift centered on 11,660-11,641 BP, and ends
11,603-11,589 BP. In addition, our records show Holocene monsoon intensity peaking at 8250 BP or before, a
multi-millennia delay from the Northern Hemisphere summer insolation peak, followed by a trend to drier
conditions until at least 750 BP. Assessment of the timing of the Younger Dryas termination in paleoclimate
records across Southeast Asia reveals an earlier shift of the Indian Summer Monsoon to global climate shifts when
compared to East Asian Summer Monsoon records. The causes of this are currently unknown. Some potentially
important aspects include: an Indian Summer Monsoon influence on East Asian Summer Monsoon strength via
the Indian Ocean Dipole climate pattern, the role of the Tibetan Plateau in monsoon dynamics, and exposure of
the Sundaland shoreline. More high-resolution paleoclimate records, especially on the pathway of Indian
Summer Monsoon to East Asian Summer Monsoon, are required for further discussion on the mechanisms
controlling the differences between climate regimes.

1. Introduction

(JJAS) monsoon and winter (NDJFM) dry seasons. However, being in
the monsoon intersection zone, on the path of the seasonal migration of

Hydroclimatic conditions in mainland Southeast Asia (SEA) are
complex, with varying precipitation regimes resulting from topography,
land-sea interactions, and most importantly, its location at the inter-
section of the East Asian Winter Monsoon (EAWM) and the three Asian
Summer Monsoon (ASM) systems: the Indian Summer Monsoon (ISM),
Western North Pacific Summer Monsoon (WNPSM) and the East Asian
Summer Monsoon (EASM) (Wang and LinHo, 2002). In Thailand, these
conditions result in a characteristic precipitation pattern of summer
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the Intertropical Convergence Zone (ITCZ) and close to the boundaries
of varied precipitation regimes, means the seasonality of precipitation
across mainland SEA changed in the past and likely will again in the
future (Chawchai et al., 2015; Kuang et al., 2021; Lan et al., 2023; Yuan
et al., 2023). Adding to this complexity, sea level substantially changed
since the Last Glacial Maximum (21,000 years before present (1950: BP
hereafter)), when it was ~120 m below current levels and a large
amount of landmass (“Sundaland”) was exposed. Subsequently, it
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gradually rose to a highstand of ~3-5 m asl. Between 7000 and 5000 BP
and then fell to present levels (Leknettip et al., 2023; Sathiamurthy and
Voris, 2006; Surakiatchai et al., 2018). Changes in land exposure
influenced precipitation regimes via altered rainout and land-sea ther-
mal contrasts (Bird et al., 2005; Chabangborn et al., 2014; De Deckker
et al., 2003). Furthermore, aspects of the global climate system have
impacted the region, such as meltwater in the North Atlantic weakening
Atlantic Meridional Overturning Circulation (AMOC) and altering
monsoon variability via the ITCZ during glacial terminations (Wassen-
burg et al., 2021; Yuan et al., 2023).

Climatic fluctuations can have significant impacts on people in
mainland SEA due to high population density, with a reliance on agri-
culture that requires predictable monsoon rains (Pereira and Shaw,
2022). Constraining past climatic variability is crucial for future climate
predictions and successful mitigation strategies; however, this remains a
significant challenge in SEA due to the shifting monsoons, tele-
connections, external forcings and physical geography outlined above.
One still poorly understood aspect is the specific regional responses to
global abrupt change/events, for instance the termination of the
Younger Dryas (YD), the shift from a cold glacial world to the warmer
interglacial state of the Holocene. In Thailand, researchers have exten-
sively studied tree-rings for paleoclimate reconstructions, producing
highly resolved and well-dated records of precipitation, river flow, and
monsoon variability (e.g., Xu et al., 2019; Nguyen et al., 2022; Pre-
echamart et al., 2023). Whilst invaluable for understanding recent
climate change and dynamics, tree-ring records unfortunately only
extend back centuries and the necessity to remove the age-related
growth trend in tree-ring widths can result in the erasure of
longer-term trends (Biintgen, 2022). To resolve SEA climate changes in
earlier periods, paleoclimatologists utilize records produced from lake
sediments (e.g., Chawchai et al., 2015; Hamilton et al., 2019; Yamoah
et al., 2021) and speleothems (i.e., stalagmites) (e.g., Wang et al., 2019;
Chawchai et al., 2021; Buckingham et al., 2022). However, in mainland
SEA, coverage of these records is spatio-temporally incomplete (Fig. 1).
This is especially true for the monsoon intersection zone in mainland
SEA, where the requirement for more data has long been noted (Ham-
ilton et al., 2019; Wohlfarth et al., 2012). Whilst there are several
published records from the region, most only detail conditions later in
the Holocene (Khao Prae, Klang, Kumphawapi, Lin Noe Twin, Pa Kho,
Thien Duong, Tonle Sap, Yeak Mai) and/or much earlier (Lin Noe Twin,
Pa Kho) (Chawchai et al., 2013, 2015, 2020, 2021; Hamilton et al.,
2019; Liu et al., 2020; Penny, 2006; Wolf et al., 2023; Yamoah et al.,
2016, 2021). In fact, there is currently only one record detailing con-
ditions during the YD termination: the Hoa Huong Cave 5'80 record
from Central Vietnam, which pertains to autumn/winter monsoon in-
tensity in the period 45,000-4000 BP (Patterson et al., 2023). As no
records detail ASM variability in the monsoon intersection zone at the
late Pleistocene-Holocene transition, producing some is critical for
developing a greater understanding of regional responses.

Usually in glacial terminations, increasing temperatures cause a
release of iceberg material and meltwater in the North Atlantic,
strengthening the AMOC and ASM (Clark et al., 2012; Sandeep et al.,
2020; Sun et al., 2012; Wassenburg et al., 2021). However, the timing of
the YD termination, which is evidenced earlier in the Southern Hemi-
sphere and western tropical pacific when compared to monsoonal Asia
and the North Atlantic (Cheng et al., 2020), does not allow for a North
Atlantic origin. Despite the value of establishing differential timing of
the YD termination globally for understanding its propagation and
causes (e.g., Cheng et al., 2020), more could be done to examine the
timing variability across smaller spatial scales.

To reconcile differences in the timing of the YD termination between
regions, we present two new speleothem oxygen (5'%0) and carbon
(613C) stable isotope records (TKD-1 and TKD-2) from Tham Khao Dang
Cave, western Thailand, which extend back to 14,500 BP. These records
are the first from western mainland SEA covering the Bglling-Allergsd
(BA) interstadial (TKD-2) and the first from western Thailand detailing
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Fig. 1. Maps showing the locations of paleoclimate records discussed in this
study alongside Tham Khao Dang (highlighted red). Proximate archives of the
same type are grouped for clarity and labelled: Khorat Plateau (Kumphawapi
and Pa Kho), Central Vietnam (Hoa Huong and Thien Duong), and Borneo
(Gunung Mulu, Bukit Assam and Gunung-buda). Bottom left panel shows Ban
Rai District and the proximity of Tham Khao Dang to Khao Prae Cave (Chaw-
chai et al., 2020). Bottom right panel locates Southeast Asia globally.

the YD termination (TKD-1 and TKD-2) and Mid Holocene (TKD-1). With
these new records, we identify trends in the climatic evolution of
western Thailand in the Late Pleistocene-Holocene period. Principally,
we establish a chronology for the termination of the YD and determine
long-term trends during the Holocene. Further, we perform Bayesian
Change Point Analysis (BCP) on select paleoclimate records to examine
the timing variability of the YD termination, we discuss the variation of
these patterns between regions, and explore the mechanisms behind its
differences and propagation.

2. Climatic and environmental settings

Tham Khao Dang (TKD) Cave (15°08' N, 99°27° E; ~400 m asl) is
located in Ban Rai district, southern Uthai Thani province, western
Thailand (Fig. 1), and is formed within argillaceous limestone of
Ordovician age (Chawchai et al., 2018). The inner chambers of the cave,
where stalagmite samples were collected from, were well enclosed and
during two separate fieldwork visits (2015 and 2017) had a steady cave
temperature of 23-24 °C and humidity of 91-92 %. It is located less than
8 km north of the previously-studied Khao Prae Cave (Chawchai et al.,
2020) and approximately 170 km from the Andaman Sea coast. At both
caves, bamboo and teak (Tectona grandis) form a dense mixed deciduous
forest, which is typical for western Thailand (Marod et al., 1999). The
loamy soil above the cave has a thickness of around 1 m. Today, TKD
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Cave is quite dry, has only one entrance and contains several small
chambers.

According to the CRU TS4.06 (1901-2021), the average annual
temperature and precipitation sum outside the cave are 24.8 °C and
1750 mm, respectively (University of East Anglia Climatic Research Unit
et al., 2022). On average, there are 105 rainy days per year (Chawchai
et al., 2018). Conditions are dry between November and March, aver-
aging 4-42 mm and rarely exceeding 100 mm per month. Precipitation
is more varied during the monsoon season (June-September), ranging
between 120 and 500 mm per month (Fig. 2). On average, this accounts
for 66 % of annual precipitation, but with a range from 47 % (1990) to
84 % (1930). The Koppen-Geiger climate classification of western
Thailand, and most of mainland SEA, is “Tropical, savannah” (Aw), with
smaller amounts of “Tropical, monsoon” (Am) (Beck et al., 2018).
Monthly temperature exhibits a marked peak in April, at an average of
27.6 °C, alongside many extreme daily temperatures (e.g., on April 15,
2023, when a new maximum of 45.5 °C was reached).

3. Materials and methods

Two broken stalagmites (TKD-1 and TKD-2, Fig. 3) were collected
separately from two chambers of Tham Khao Dang Cave in 2015. TKD-1
is approximately 21 cm long and 7 cm wide, and is comprised of two
candle-shape sections with a distinct change in growth axis between
them. TKD-2 is one single candle-shaped stalagmite, and 11 cm long and
6 cm wide.

3.1. Chronology

We drilled samples for 23°Th/U-dating as close to the growth axis as
possible (Fig. 3). Dating was performed using Thermo Scientific Neptune
Plus multicollector inductively coupled plasma mass spectrometers
(MC-ICP-MS) at both the Institute for Geosciences, Johannes Gutenberg-
University, Mainz, Germany, and the Earth Observatory of Singapore
(EOS), Nanyang Technological University, Singapore, following the
analytical protocol of Cheng et al. (2013). In Mainz, the weighed powder
samples were dissolved in 7N HNOg, and a mixed 22°Th-233U-236y spike
was added (see Gibert et al., 2016, for details on spike calibration).
Potential organic material was removed by adding a mixture of
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Fig. 2. Monthly temperature and precipitation averages (1901-2021) for Uthai
Thani province (15-15.5° N, 99-99.5° E), from CRU TS4.06 (University of East
Anglia Climatic Research Unit et al., 2022). Data were generated in the KNMI
Climate Explorer (van Oldenborgh, 2020).
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cm

Fig. 3. Speleothem scans with growth axes (black lines) and sampling locations
for uranium-series ages (red ovals). Stars indicate 230Th,/U uranium-series ages
repeated on the opposite “face” of the sample.

concentrated HNO3, HCl and Hy05. Then, the samples were dried down
and afterwards dissolved in 7N HNOs. Uranium and Thorium were
separated using ion exchange column chemistry (Yang et al., 2015).
Details of the MC-ICP-MS procedures are described in Obert et al.
(2016). In Singapore, we measured intensities of all uranium and
thorium isotopes with a peak-jumping protocol on a secondary electron
multiplier equipped with a retarding potential quadrupole lens to
improve abundance sensitivity, except for the isotopes 238U and 232Th,
which were measured on Faraday cups. All activity ratios were calcu-
lated using the decay constants of Cheng et al. (2013). To account for
potential detrital contamination, all ages were corrected assuming an
upper continental crust 2>2Th/238U weight ratio of 3.8 & 1.9 (Wedepohl,
1995) and secular equilibrium between 230Th, 234y, and 2%8U. We uti-
lized the StalAge algorithm (Scholz and Hoffmann, 2011) to calculate
the chronologies of TKD-1 and TKD-2 from a total of 14 and 11
uranium-series ages, respectively.

For regional synthesis and comparison with other paleoclimate re-
cords from SEA, age uncertainties discussed throughout the text are
extracted from each records age model, except in cases where the full
age model is not provided by the original authors. In such cases, the
uncertainty of the closest absolute age is given; for the YD termination,
whether uncertainties are based on the age model or absolute ages is
outlined in Supplementary Table S1.

3.2. Stable isotope analysis

We sampled TKD-1 and TKD-2 for oxygen (5'%0) and carbon (5'%C)
stable isotope measurements along the growth axes at a 1 mm resolu-
tion, resulting in 200 samples for TKD-1 and 113 samples for TKD-2
(Supplementary Table S2). We drilled both speleothems using a New
Wave Research MicroMill (Dettman and Lohmann, 1995). The samples
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were analyzed with a Thermo Delta V continuous flow isotope ratio mass
spectrometer equipped with a Gasbench II at the Max Planck Institute for
Chemistry Mainz, Germany. Results are reported as per mil (%o) differ-
ence relative to the Vienna-Peedee Belemnite (VPDB) scale and are
calibrated against the official reference material NBS19. The reproduc-
ibility of a routinely analyzed lab CaCOs3 reference material was better
than 0.11% for both §'80 and §'°C values (1 standard deviation).

3.3. Bayesian Change Point Analysis (BCP)

Visually identifying the start, end, and most significant shift of the
YD termination is challenging and suffers from inherent bias and human
error. Therefore, we quantitatively assess these chronological differ-
ences on key records over the YD termination period (12,400-10,800
BP) with Bayesian Change Point Analysis (BCP) using the R Statistical
Software (v4.3.0; R Core Team, 2023) and the package “bcp” (Erdman
and Emerson, 2008; Wang and Emerson, 2015). This statistical package
assesses segments of linear datasets to identify significant changes in
their sample mean and variance, providing a probability of a change
point occurring at every location in the sequence. We subsequently
identify the highest probability change points in each record, using a
threshold minimum probability of 0.7. BCP is preferable for our analysis
as we largely focus on the timing of the most significant shift of the
termination, which would not be identified with other statistical
methods. Further, other methods that focus on trends, such as RAMPFIT
and BREAKFIT (Mudelsee, 2000, 2009), have already been applied to
many of the records discussed in this paper (e.g., see a comprehensive
review in Cheng et al., 2020) and we compare to these previous results
where necessary.

4. Results and interpretation
4.1. Chronology
The corrected 23°Th/U-ages are all in stratigraphic order, and for

TKD-1, the dates have uncertainties ranging from +76-2395 years
(average = + 762). For TKD-2, uncertainties range from +120-1900

Table 1
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years (average = + 716). We summarize the results of uranium-series
dating in Table 1, with all errors given at the 2c-level (2 standard de-
viations). Almost all 22°Th/232Th activity ratios range from 1.51 to
31.47, far lower than 200, suggesting a significant contribution of initial
detrital 22°Th (Richards and Dorale, 2003), only one age shows more at
235.25. This is also evident from the differences between the uncor-
rected and corrected ages, which is in many cases larger than the
analytical uncertainty. This is accounted for by the conservative
assumed uncertainty of 50 % for the 232Th/238U weight ratio of the
detritus and the corresponding error propagation, which results in
substantially increased uncertainty for some of the corrected ages.
Several hiatuses were discernible through examination of the
230Th/U-ages and visual analysis (macro- and micro-scopic) of the spe-
leothems, which identified detrital layers. From the StalAge age-depth
models (Fig. 4), it is clear that TKD-1 grew in five different phases,
starting at 12,054 + 86 BP whilst TKD-2 grew in three phases beginning
at 14,321 + 561 BP (see Table 2). Growth rates during different phases
of TKD-1 varied from 8 to 67 pm/yr (average = 49 pm/yr), whilst for
TKD-2, they varied from 34 to 61 pm/yr (average = 38 pm/yr). The
resolution of the stable isotope records (see below) varied from 16 to
124 years between samples (average = 38 years) in TKD-1 and from 17
to 30 years between samples (average = 28 years per sample) in TKD-2
(Table 2).

4.2. Tham Khao Dang Cave stable-isotope records

Speleothem 880 values range from —11.5 %o to —6.9 %o (average =
—9.6 %o) in TKD-1 and -10.8 %o to —6.9 %o (average = —8.9 %o) in TKD-2.
TKD &80 records show relatively rapid decrease during the YD termi-
nation (11,675-11,630 BP) and a gradual increase over most of the
Holocene (Fig. 5, full data in Supplementary Table S1). Speleothem 580
values have been widely applied as a proxy for monsoon intensity across
the ASM region, largely determined by the 5'%0 values of precipitation
(6180p) as influenced by the resulting precipitation amount (Chawchai
etal., 2020; Lechleitner et al., 2017; Li et al., 2022; Wang et al., 2019). In
these cases, lower (higher) 5180 values reflect wetter (drier) conditions
and a stronger (weaker) monsoon. In addition, a two-year time series of

Results of>>°Th/U-dating. All ages are reported as before the year 1950 CE(ka BP), and the errors are given at the 2c-level. All activity ratios and**°Th/U-ages were
calculated using the half-lives of Cheng et al. (2013). To account for potential detrital contamination, corrected ages were calculated assuming an upper continental
crust®®?Th/2%%U weight ratio of 3.8 & 1.9 (Wedepohl, 1995) and secular equilibrium between23°Th,234U, and?3®U. (dft: depth from top); * marks the samples dated in

Singapore.
Sample dft [mm] 2380 [pg/gl (BY38) (*°Th/?*U) (330/232Th) Age uncorr. [ka BP] Age corr. [ka BP]
TKDlal 22 0.10930 £ 0.00067 1.08041 + 0.00073 0.0226 + 0.0019 5.393 £+ 0.043 2.635 + 0.021 2.24 +£0.20
TKD1a II 59 0.08050 £ 0.00052 1.0810 £ 0.0017 0.061 + 0.017 2.125 £+ 0.016 9.891 + 0.071 6.2+1.8
TKD1b I 86 0.13169 + 0.00081 1.0817 £ 0.0012 0.090 + 0.011 3.736 + 0.025 11.887 + 0.072 9.4+1.2
TKDI1c I 135 0.10951 =+ 0.00070 1.08098 + 0.00075 0.1069 + 0.0018 22.94 £ 0.16 11.675 + 0.069 11.28 +0.21
TKD1-III 14 0.11398 + 0.00070 1.08077 + 0.00080 0.0144 + 0.0049 1.968 + 0.012 2.390 + 0.015 1.39 £ 0.51
TKD1-IV 25 0.08079 + 0.00050 1.08186 + 0.00086 0.0285 + 0.0029 4.699 + 0.036 3.432 + 0.026 2.84 +0.29
TKD1-V 49 0.09148 £ 0.00056 1.08032 + 0.00066 0.03448 + 0.00099 14.726 + 0.093 3.671 + 0.024 3.47 £0.10
TKD1-VI 75 0.01943 £ 0.00012 1.0834 £ 0.0024 0.073 £ 0.023 2.004 £+ 0.013 12.399 + 0.085 7.6 +24
TKD1la-t 59 0.10641 + 0.00068 1.0818 + 0.0012 0.048 + 0.012 2.375 £ 0.016 7.295 + 0.052 49 +1.2
TKD1la-b 75 0.06364 + 0.00040 1.0828 + 0.0014 0.067 + 0.014 2.566 + 0.016 9.931 + 0.065 6.9+ 1.5
TKD1b-t 91 0.11709 £ 0.00072 1.07537 + 0.00050 0.0992 + 0.0016 24.99 £ 0.12 10.800 + 0.055 10.47 +£ 0.17
TKD1b-b 115 0.11226 + 0.00070 1.07622 £ 0.00059 0.1025 + 0.0022 18.237 + 0.078 11.308 + 0.052 10.83 + 0.24
TKD1-1-T* 0.1 0.2434 + 0.0011 1.0777 £+ 0.0031 0.01599 =+ 0.00020 1.510 + 0.036 1.564 + 0.021 0.69 + 0.62
TKD1-2-B* 196 0.11602 £ 0.00033 1.0784 £ 0.0021 0.11328 £ 0.00059 235.35 + 5.58 12.020 £+ 0.071 11.981 £ 0.076
TKD2 I 18 0.11010 + 0.00068 1.0832 £+ 0.0013 0.106 + 0.012 3.993 + 0.025 13.774 £+ 0.078 111+ 1.3
TKD2 II 55 0.12786 + 0.00081 1.08039 + 0.00081 0.1114 + 0.0043 10.172 £ 0.080 12.762 + 0.090 11.80 + 0.49
TKD2 III 97 0.1553 + 0.0010 1.07811 + 0.00083 0.1276 + 0.0071 7.205 + 0.054 15.27 + 0.10 13.66 + 0.81
TKD2-IV 10 0.14241 £ 0.00089 1.08294 + 0.00048 0.0104 + 0.0011 4.481 + 0.028 1.2103 £ 0.0080 0.98 £ 0.12
TKD2-V 62 0.11708 + 0.00076 1.07991 + 0.00060 0.1121 + 0.0042 10.421 + 0.039 12.822 + 0.048 11.88 + 0.47
TKD2-VI 67 0.11207 £ 0.00072 1.08425 + 0.0017 0.124 + 0.017 3.428 + 0.016 16.913 £ 0.075 13.2+1.9
TKD2-t 23 0.08663 £ 0.00056 1.08425 + 0.00071 0.1033 £+ 0.0013 31.47 £ 0.16 11.108 £ 0.060 10.84 + 0.15
TKD2-m 72 0.1803 + 0.0012 1.0795 + 0.0012 0.122 £ 0.011 4.718 £+ 0.015 15.535 + 0.054 13.0 +£1.3
TKD2-b 82 0.12566 + 0.00084 1.07557 + 0.00068 0.1275 + 0.0044 11.008 + 0.038 14.681 + 0.056 13.67 + 0.50
TKD-2-T* 5 0.11690 £ 0.00066 1.0818 £ 0.0042 0.01442 + 0.00021 3.261 + 0.081 1.397 + 0.022 1.03 £ 0.26
TKD-2-B* 109 0.10223 £ 0.00030 1.0726 £ 0.0021 0.13964 + 0.00076 14.24 + 0.30 15.120 £+ 0.094 14.31 + 0.58
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Fig. 4. Age-depth models of samples TKD-1 and TKD-2, calculated with StalAge (Scholz and Hoffmann, 2011). Blue shaded area represents the 95% confidence
interval. Corresponding periods of growth phases (from Table 2) labelled in grey. ka BP corresponds to 1 x 10° BP.

Table 2

Growth phases of TKD speleothems, their corresponding periods, and characteristics.
Growth Phase Period Name Sample Start (BP) End (BP) Average Age Uncertainty (years) Average Isotopic Resolution (years)
1 Bolling-Allergd TKD-2 14,321 12,824 592 30
2 Younger Dryas (a) TKD-1 12,054 10,260 148 16
3 Younger Dryas (b) TKD-2 11,939 10,699 252 27
4 Mid Holocene TKD-1 8389 4177 1408 124
5 Late Holocene (a) TKD-1 3472 2843 137 26
6 Late Holocene (b) TKD-1 2285 2065 201 25
7 Late Holocene (c) TKD-1 1377 734 368 49
8 Late Holocene (d) TKD-2 1017 864 156 17
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Fig. 5. Stable-isotope records from Tham Khao Dang Cave.
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monthly 6180p values between 2016 and 2017 from Uthai Thani prov-
ince (approximately 50 km from the study site) show a negative corre-
lation (r = —0.84, n = 24, p < 0.0001) between monthly mean 6180p
values and precipitation amount (Chawchai et al., 2020). A number of
other factors can also influence speleothem 580 values, such as sea-
sonality, temperature, and large-scale atmospheric circulation effects on
6180p values (Liu et al., 2020). However, we agree with Li et al. (2022)
and Buckingham et al. (2022) that consistency of speleothem §'%0
patterns across the broad ASM region is compelling evidence for com-
mon control factors: changes in the intensity and influence of different
monsoon systems, with resultant impact on precipitation. Therefore, we
interpret the speleothem 5'%0 values as mainly reflecting seasonal or
annual averages of local 6180p values, influenced heavily by monsoon
intensity, with lower 5'80 values indicating a higher amount of pre-
cipitation. Previously-conducted HYSPLIT analysis has revealed that,
due to its location on the west side of the monsoon intersection zone and
pathway of the ISM (Fig. 6), precipitation is brought to the cave pri-
marily by the ISM (>85 %), with a minor (<15 %) contribution from the
WNPSM (Chawchai et al., 2020). In-depth testing of the climatic sig-
nificance of speleothem §'0 values in the nearby Khao Prae Cave
(Chawchai et al., 2020) and the accordance of the TKD records with
other speleothem 5'80 records across the entire ASM region (see below)
supports our interpretation.

The interpretation of speleothem 8'3C values is more complex with a
vast range of factors. At Tham Khao Dang, speleothem 6!3C values range
from —14.5 %o to —6.4 %o (average = —11.7 %o) in TKD-1 and -13.6 to
—6.2 %o (average = —9.6 %o) in TKD-2, suggesting C3 plants were always
dominant above the cave (as today: Marod et al., 1999). Wetter and drier
conditions at a cave site can be distinguished using 5'°C values indi-
cating the prevalence of C3 and C4 plants; C4 plants are adapted to
warmer and drier climates, with ~14 %o higher 5!°C values than Cs
plants (Genty et al., 2001; Henderson et al., 1992). Even if C3 plants

Archives
A Cave

@ Lake
@ Marine
Q@ Glacier

-120 -75 -45 0 1000 2000 3000
Elevation (m asl)

4000 5000 +

Fig. 6. Dashed lines reflect the influence of the different ASM subsystems, with
the monsoon intersection zone highlighted in blue (Cheng et al., 2012b;
Hamilton et al., 2019; Li et al., 2022; Wang and LinHo, 2002). Elevation data
from the GEBCO Compilation Group (2023) is clipped below modern sea level
to simulate the extent of the Sundaland continent during the YD (—45 m), BA
Interstadial (—75 m), and Last Glacial Maximum (—120 m) (Leknettip et al.,
2023). Archive labels are removed for clarity, see Fig. 1.
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were always dominant, previous studies suggest that §'3C values can be
indicative of precipitation amount, with more precipitation enhancing
biological activity (plants and microbes) and vegetation density above
the cave (both resulting in higher soil pCO,), as well as lowering the
amount of prior calcite precipitation (PCP), which both lead to lower
speleothem 513C values (Chawchai et al., 2020; Fohlmeister et al., 2020;
McDermott et al., 2006). This is supported by visual similarities and
strong Pearson correlations between 5'20 and §'3C values in both TKD-1
(r = 0.87, n = 200, p < 0.0001) and TKD-2 (r = 0.81, n = 113, p <
0.0001), suggesting a common influence.

To understand the spatial extent of the climate changes revealed by
the TKD speleothems and changes in neighboring regions, we compare a
stacked composite 5'80 record from the two TKD speleothems to other
paleoclimate records, most of which are representative of summer
monsoon intensity and resultant precipitation from SEA (locations
shown in Fig. 1).

5. Discussion
5.1. The Bylling-Allergd interstadial

The earliest data from Tham Khao Dang Cave comes from TKD-2,
which had a period of formation between 14,321 and 12,824 BP.
Chronologically, this corresponds to the Bglling-Allergd interstadial, a
period of warmer conditions reflected by higher 580 values in the
Greenland ice cores, dated to 14,642-12,896 BP (Buizert et al., 2014;
Rasmussen et al., 2006, 2014). During this period, age uncertainties are
relatively high in the TKD record, with an average of 592 years (Fig. 4,
Table 2), so we avoid an in-depth discussion of shorter-term events.
There are two things of note in this phase. Firstly, §'%0 and 5!3C values
are overall high but lower than in the YD, reflecting a monsoon weaker
than the Holocene but stronger than the YD (Fig. 5). Secondly, this is the
only period without a correlation between the TKD isotopes (r = 0.20, n
=51, p > 0.05). Whilst both isotopes have a trend towards lower values,
this is only very slight in the 180 values and much more distinct in the
s'3c values, which reach their lowest (—10.0 %o) at 13,123 BP (Fig. 5).
These different responses may result from a delayed vegetation response
to the onset of the Bglling-Allergd. We observe the same trend in EASM
records extending from eastern China (e.g., Hulu: Wang et al., 2001) to
western Indonesia (Tangga: Wurtzel et al., 2018) and Borneo (e.g.,
Gunung Mulu: Buckingham et al., 2022) (Fig. 7). This trend in many SEA
speleothem §'80 records is paralleled by lower §'80 values in the NGRIP
record, potentially resulting from a decrease in marine 50 values
associated with glacial melting (Wang et al., 2001). The new TKD record
is the first evidencing such a trend in the ISM region.

5.2. The termination of the younger Dryas

Both speleothems have a period of formation starting around 12,000
BP that begins with some of the highest isotope values and the strongest
correlations between §'80 and 8'3C values: TKD-1 (r = 0.91, n = 116, D
< 0.0001) and TKD-2 (r = 0.95, n = 47, p < 0.0001). Based on the
StalAge age model, this growth phase has low average age uncertainties
in TKD-1 (+148 years) when compared to TKD-2 (+252 years) and ex-
hibits a significant decrease in isotope values: ~3 %o for §'0 and ~7 %o
for 5'3C values. This decrease corresponds in time with the termination
of the YD (Fig. 5). Through a visual assessment (VA hereafter), we
observe a rapid shift in both sets of isotopes from both TKD speleothems
centered on 11,700-11,650 BP (Supplementary Fig. S1). A significant
decrease in isotope values during the YD termination is comparable with
previously published monsoonal speleothem records (Figs. 7 and 8). The
YD terminated with a sudden warming that likely originated in
Antarctica prior to 11,900 BP, followed 200-300 years later in the North
Atlantic (NGRIP: 11,700-11,610 BP) (Cheng et al., 2020; Rasmussen
et al., 2014; WAIS Divide Project Members, 2015, 2013). The exact
nature, timing, and duration, of the YD termination in different regions
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Fig. 7. The Pleistocene Tham Khao Dang Cave 880 stack record compared to
select paleoclimate records. More positive §'%0 values in the NGRIP and WDC
ice core records reflect higher temperatures in Greenland and Antarctica,
respectively (Rasmussen et al., 2014; Seierstad et al., 2014; WAIS Divide Project
Members, 2015, 2013). The remainder are speleothem 5'%0 records plotted
inverse so that up in the figure corresponds to higher monsoon intensity and
precipitation amount. These records are from Rige (Li et al., 2022), Mawmluh
(1) (Dutt et al., 2015) and (3) (Cheng et al., 2020), Tham Khao Dang (this
study), Kulishu (Cheng et al., 2020; Ma et al., 2012), Hulu (Wang et al., 2001),
Dongge (Cheng et al., 2020; Dykoski et al., 2005), Hoa Huong (Patterson et al.,
2023), Palawan (Partin et al., 2015), Gunung Mulu (Buckingham et al., 2022),
ind Tangga (Wurtzel et al., 2018) caves. Locations in Fig. 1 and 6.

of SEA are still under scrutiny (e.g., Buckingham et al., 2022; Cheng
et al., 2020; Kuang et al., 2021; Partin et al., 2015; Patterson et al.,
2023). In the following section, we preferentially utilize the results of
BCP to quantitatively assess chronological differences in the start and
end dates of the YD termination, as well as the most significant
short-term shift. We are confident in the accuracy of the BCP method as
the results are similar to our own VAs (Fig. 8 and Supplementary
Table S2) and to established/well-evidenced YD terminations, such as in
the NGRIP 5'80 record (VA: 11,700-11,610 BP/BCP: 11,690-11,610
BP) and Palawan Cave §'%0 record (VA: 11,790-11,360 BP/BCP: 11,
796-11,358 BP) (Partin et al., 2015; Rasmussen et al., 2014). However,
of the total eighteen records, the BCP method only identified start, end,
and shift dates in three; therefore, we revert to a VA for some records.

The termination of the YD appears to start early and occur relatively
rapidly in the TKD records. Only BCP of the TKD-1 §'3C record provided
start (11,702 + 72 BP) and end (11,589 + 74 BP) dates; the other re-
cords produced single BCPs at 11,660 BP (TKD-1 5'%0) and 11,641 BP
(TKD-2 5'%0 and §'3C) that correspond to the largest shift of the
termination. VA of TKD-1 8'80 indicates a start date of 11,674 BP and an
end date of 11,603 BP (see Supplementary Fig. S1). We will utilize this
record for comparison as the other records we assess are also 5'%0 and
TKD-1 has a higher resolution and stronger chronology.

The termination observed in TKD is very abrupt when compared to
other tropical hydroclimate records, which average 274 years in a syn-
thesis by Partin et al. (2015). Below, we discuss several distinct group-
ings for the timing and duration of the YD termination (visible in Fig. 8):
(1) Indian Summer Monsoon region, (2) northern China, (3) central
eastern China, (4) southern China, (5) eastern mainland SEA, and (6)
Maritime SEA.

If precipitation at TKD is primarily driven by the ISM, we would
expect to see other records influenced by that monsoon subsystem to
show similar patterns, but this is currently unclear (Supplementary
Fig. S2). There are several records from Mawmluh Cave (NE India)
covering this period. Though, these are in disagreement as to the timing
and duration of the YD termination. In the newest record, from Cheng
etal. (2020), the highest probability change points suggest a termination
from 11,514 to 11,336 BP, with a rapid change at 11,508 BP (Mawmluh
(3) in Fig. 8). However, this record fluctuates intensely (Fig. 7) with 21
change points above the 0.7 probability threshold between 12,137 and
11,336 BP. This makes the YD termination hard to identify in this re-
cord, which starts changing at either 11,714 or 11,636 BP (see Fig. 7,
this paper and Fig. 2 in Cheng et al. (2020)). Two other records from the
same cave suggest an earlier YD termination, with a single BCP at 11,708
BP (Mawmluh (1) in Fig. 8) (Dutt et al., 2015) and a rapid change be-
tween 11,669 and 11,603 BP (Mawmluh (2) in Fig. 8) (Berkelhammer
et al., 2012). A precisely-dated ISM record, from Rige Cave (SE Tibetan
Plateau), possibly shows a short termination of the YD, dated by BCP to
11,698-11,585 BP (Li et al., 2022). However, it is important to note that
the Rige record ends at 11,520 BP, so it is possible that the termination
continued past this point.

There are a large number of speleothem §'80 records from China
(Zhang et al., 2018), which show a varied timing and duration of the YD
termination by region (Figs. 7 and 8, Supplementary Fig. S3). In



M.J. Jacobson et al.

Visual Assessment

Greenland — NGRIP (=) = A(=]
Rige DA
Mawmluh (1) -
Indian Summer Mawmluh (2) ==
Monsoon Mawmluh (3) == =t
TKD-1 5180 =)A¢=]
TKD-1513C D
. Kulishu n «
N China { Lianhua DA
S Ehi Hulu == =4 e =]
ina Sanbao 43 =yv =g
S China —_ Dongge VAN
E Mainland SEA — Hoa Huong :m m:
Palawan = =p
Gunung Mulu
Maritime
Southeast Asia Tangga E>E A ':4:'
S0O189-39KL
Gempa Bumi == A ==
Antarctica — WDC - === ==

X QL O
K N O SN N S A S

Years (BP)

Shift (%)

-3.43

Quaternary Science Reviews 330 (2024) 108597

Bayesian Change Point Analysis Reference(s)

4.2 ===
-2.5 P> <«
A

-1.6

-1.2 =) -=!
e =G

(Rasmussen et al., 2014)

(Li et al., 2022)

(Dutt et al., 2015)
(Berkelhammer et al., 2012)
(Cheng et al., 2020)

1.1 == (This study)
-2.66 [=)=cg=] (This study)
-3.32 yAy (Cheng et al., 2020)
2.2 JAY (Dong et al., 2015)
-2 e (Wang et al., 2001)
1.4 e (Dong et al., 2010)
-1.78 [ Al = (Cheng et al., 2020)
2.2 —=x= (Patterson et al., 2023)
0.8 =)= wpe) =p (Partin et al., 2015)
1.1 I 7 1 (Buckingham et al., 2022)
1.4 == (Wurtzel et al., 2018)
-0.6 No Results (Mohtadi et al., 2014)
-1 —/—= (Krause et al., 2019)

24 - == <

(WAIS et al., 2013, 2015)

NN RN

Years (BP)
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and most rapid shift (white) are displayed, along with their age uncertainties (colored bars), taken from the age-models of the original publications where available,

otherwise from the closest absolute age (details in Supplementary Table S2).

northern China, speleothem §'80 records demonstrate YD terminations
with a shift dated later, for example at Kulishu (11,503 BP) and Lianhua
(11,559 BP) caves (Cheng et al., 2020; Dong et al., 2015; Ma et al.,
2012). In central eastern China, the rapid shift comes later still, as evi-
denced by the Hulu (11,472 BP) and Sanbao-43 (11,468 BP), 5180 re-
cords (Dong et al., 2010; Wang et al., 2001). A rapid shift just after 11,
500 BP is mirrored by records from nearby caves: Jintawan and Hailuo
(Chen et al., 2023; Cosford et al., 2010). Further south, speleothem
hydroclimate proxies (Mg/Ca and §'°C) from Hoa Huong Cave, central
Vietnam, do not show a YD termination. However, §'80 values from the
same speleothem have a rapid shift of ~1.5 %o, centered on 11,373 BP,
much later than other records (Patterson et al., 2023). Interestingly, the
Dongge Cave record from southern China details a longer YD termina-
tion that starts earlier; BCP finds a transition in the §'%0 values at 11,639
BP but as part of a longer decreasing trend (11,850-11,399 BP) (Cheng
et al., 2020; Dykoski et al., 2005). However, this early start is possibly
just an artefact of the BCP analyses, from VA it is hard to identify the true
start: it could arguably be anytime between 11,850 and 11,615 BP
(Fig. 7 and Supplementary Fig. S3). RAMPFIT and BREAKFIT analyses
by Cheng et al. (2020) date this to 11,710 and 11,770 BP, respectively.
This YD termination is more similar to Maritime SEA than to other EASM
records (Fig. 8). All five of the records across this broad region covering
the YD termination (Palawan, Gunung Mulu, Tangga, SO189-39 KL, and
Gempa Bumi) show earlier-starting and longer-lasting YD terminations
(Buckingham et al., 2022; Krause et al., 2019; Mohtadi et al., 2014;
Partin et al., 2015; Wurtzel et al., 2018). For example, in Palawan,
Philippines (BCP: 11,796-11,358 BP) and Gempa Bumi Cave, Sulawesi,
Indonesia (VA: 11,800-11,250 BP); for the remainder, see Figs. 7 and 8,
Supplementary Fig. S4, and Supplementary Table S2. This occurs despite

Palawan being influenced by the WNPSM and there being entirely
different controls in the regions further south.

The TKD record YD termination lasting around 70 years
(11,674-11,603 BP), with a rapid increase at 11,660 BP, suggests the
ISM responds faster and has an earlier rapid increase when compared to
EASM records, which were previously deemed coeval (Cheng et al.,
2012a). This pattern, which is supported by other ISM records, holds
true even if the TKD shift was brought forward the maximum possible
age uncertainty of 73 years. Records influenced by the EASM and/or
WNPSM, exhibit different responses where more northern records tend
to have earlier rapid shifts. EASM (Chinese) records exhibit their most
extreme shift more than 100 years later in the north, at ~11,560 and 11,
500 BP, and around 200 years later to the south (~11,470 BP). In the
monsoon intersection zone, the shift is delayed further, occurring ~11,
370 BP. The only record covering the YD termination in southern China
(Dongge Cave) has its most rapid shift at 11,639 BP but as part of a much
longer trend possibly starting prior to the NGRIP 50 shift at 11,690 BP.
In Maritime SEA, all records also have more gradual YD terminations (as
previously identified by Partin et al., 2015) that initiate earlier than in
the North Atlantic. This supports the hypothesis of Cheng et al. (2020)
that the YD termination had an Antarctica/Southern Hemisphere origin
but opposes a western tropical Pacific origin as early as 12,300 BP.
Several speleothem records from the ISM (e.g., Rige, Mawmluh) and
EASM region (e.g., Hulu, Dongge) also have higher 5'%0 values in the
period 12,400-12,200 BP that decline over the YD (Fig. 7), this is un-
related to the termination. A Southern Hemisphere origin is also sup-
ported by the Antarctica WDC 880 record, which contains the earliest
evidence for the start of the YD termination, dated to 11,981 BP with
BCP (WAIS Divide Project Members, 2015, 2013). If these differences in



M.J. Jacobson et al.

timing are true, they pose two important questions about the propaga-
tion of the YD termination: (1) why would western mainland SEA,
influenced primarily by the ISM, respond faster when compared to
EASM regions in north and central China? And (2) if Southern Hemi-
sphere, maritime SEA and southern Chinese changes precede those in
the North Atlantic, what mechanism(s) can explain this?

Overall, the underlying dynamics for the propagation of the termi-
nation between regions are still poorly understood; however, several key
theories exist. The termination of the YD possibly resulted from
increasing atmospheric COy concentrations since the start of the YD
(242 ppm at 12,870 BP), which reached a threshold of a 15-ppm increase
by 11,900 BP (257 ppm) (Marcott et al., 2014; Zhang et al., 2017).
Alternatively, or perhaps in tandem, a switch to a “La Nina-like” state
from 11,900 BP or earlier (Cheng et al., 2020; Stott et al., 2002), could
have strengthened the ASM in two ways. First, such a state can initiate a
positive Indian Ocean Dipole (IOD) pattern via SST changes, which
drives the ITCZ further north and enhances ISM intensity (Cai et al.,
2021; Cherchi et al., 2021; Hrudya et al., 2021; Hu et al., 2023). Second,
colder temperatures in the equatorial Pacific might have resulted in a
warmer NH through interhemispheric heat redistribution (Bakker et al.,
2017; Koutavas et al., 2002). This would occur via a gradual shift in the
AMOC that reached a tipping point ~11,700 BP, causing a strong AMOC
mode to return and rapidly heat the North Atlantic (Cheng et al., 2020;
McManus et al., 2004; Muschitiello et al., 2019). A strong AMOC can
strengthen the ASM by shifting the ITCZ northwards, with westerlies
playing a significant role in the propagation of this event from the North
Atlantic to ASM regions (Chen et al., 2023; Kuang et al., 2021; Sun et al.,
2012; Yuan et al., 2023).

Explaining the potential earlier response of the ISM to the YD
termination is challenging as the relationship between the ISM and
EASM is complicated and ever-changing, controlled by e.g., the El
Nino-Southern Oscillation, IOD, atmospheric teleconnection patterns,
and Eurasian snow extent (Ha et al., 2018). Here, we present several
ideas for potential mechanisms or reasons, but further research is
required to confirm the timing differences and develop a greater un-
derstanding of their cause(s). Perhaps the simplest explanation comes
from the propagation of the event which, regardless of whether it spread
via the IOD or AMOC, would impact the ISM first. The ISM/Indian Ocean
has a much stronger influence on the EASM than vice-versa (Zhu et al.,
1986), notably through alterations to the IOD, which subsequently in-
fluences the EASM via snow distribution over Eurasia (Ha et al., 2018;
Kripalani et al., 2010), and by altering the strength of the westerlies in
response to orbital forcing (Clemens et al., 1991; Yang et al., 2023). An
additional contribution might come from another key control on ASM
strength, the Tibetan Plateau (Fallah et al., 2016; Webster et al., 1998).
The world’s largest plateau enhances the land-ocean temperature
contrast due to its cool temperatures, explained by high altitudes (low
air pressure) and glaciers, and contributes significantly to broad regional
monsoon dynamics, including ASM strength and the seasonal reversal of
the summer/winter Asian/Australian monsoons (Fallah et al., 2016; Wu
et al., 2007, 2012). Furthermore, the Tibetan Plateau potentially had an
even greater impact during the YD due to significantly larger glaciers
and cooler temperatures, which could also have influenced the extent of
northward movement of the ITCZ and strength of the westerlies (Saha
et al., 2019; Tschudi et al., 2003; Yan et al., 2023). Around 12,000 BP,
the SEA ITCZ was contracted and had migrated southward, but subse-
quently shifted rapidly to its most northerly position in the last 30,000
years and expanded, driven primarily by AMOC variability (Yuan et al.,
2023). As the Tibetan Plateau is closer in proximity to the Indian Ocean
when compared to the source of the EASM, perhaps the eastern sea
would have to get comparatively warmer to drive the same monsoon
increase, causing the delay in response. Additionally, this delay, and
differences to the western tropical Pacific, may have been enhanced
further by the Sundaland shoreline (Fig. 6). Whilst the rate of sea level
change is debated (Horton et al., 2005; Leknettip et al., 2023; Sarr et al.,
2019; Sathiamurthy and Voris, 2006; Surakiatchai et al., 2018), it is
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clear that additional Sundaland landmass would still have been exposed
during the YD termination compared to the Holocene. It is possible that
the Indian Ocean and South China Sea were not as closely connected due
to the lower sea level and the closest route for water transport was via
the Timor Sea (see Fig. 6). This would lower the influence of the ISM
(EASM) in the east (west) due to an increased degree of rainout, lower
speleothem 5'80 values further away from the coast (Lachniet, 2009),
and perhaps exacerbate temporal differences in climatic changes. One
connected consideration here is the debate around the influence of ISM
on Chinese speleothem 5'%0 records, which Pausata et al. (2011) pre-
viously suggested to be dominant during Heinrich events. However, if
this was the case during the YD termination, such a delayed response
seems unlikely. Li et al. (2019) have already contested this, finding §'%0
variations in EASM records to be far larger than in ISM records and
concluding that EASM strength is thus also an important control on these
records. However, the fact that a response to the YD termination is
visible in the §!80 record from Hoa Huong Cave but not in the hydro-
climate proxies (Mg/Ca and 513¢C values) (Patterson et al., 2023) sup-
ports a source effect or seasonality contribution to speleothem &80
records. This record, and another speleothem §'80 record from Dongge
Cave, both appear to show the YD termination starting before 11,700 BP
(Dykoski et al., 2005; Patterson et al., 2023), perhaps indicating an ISM
influence in southern China and eastern mainland SEA.

We believe differences in the timing of terminations are worth
exploring further, and at finer spatial resolutions, to resolve their
legitimacy and provide further insight into the propagation of such
events globally.

5.3. The Holocene

The TKD samples covering the YD termination continued their
growth into the early-Holocene, stopping at 10,260 BP (TKD-1) and
10,700 BP (TKD-2). Interestingly, monsoon intensity (as evidenced by
the 580 values) did not peak immediately at the start of the Holocene
and continued to decrease until at least the end of these samples at 740
BP. The lowest isotope values are observed at the start of the mid-
Holocene section of TKD-1, at 8250 BP (6180) and 8389 BP (613C)
(Figs. 5 and 9). The peak of the summer monsoon was thus either at this
time, or occurred during the hiatus (10,250-8400 BP). Whilst it is often
claimed that the Holocene monsoon intensity maximum follows summer
insolation, there is actually a significant delay as the June Northern
Hemisphere Insolation Curve (NHI) at 30° N peaks at 11,000 BP but is
above 500 W/m? between 15,000 and 8000 BP (Berger and Loutre,
1991). This delay to the insolation peak (Fig. 9) likely results from the
persistence of large ice sheets on land, which lowers the land-sea tem-
perature gradient that drives monsoon intensity. The Mawmluh Cave
5180 records suggest high monsoon intensity starting from 10,300 BP
(Dutt et al., 2015), 9600 BP (Lechleitner et al., 2017), and 8400 BP
(Berkelhammer et al., 2012), whilst another from nearby (Umsynrang
Cave) peaks at 9000 BP (Breitenbach, 2010). Further south, the Klang
Cave record also peaks earlier at 10,240 BP (Chawchai et al., 2021). This
precedes the Holocene EASM peak, which in China occurs generally
between 8000 and 7000 BP (Yang et al., 2019; Zhang et al., 2018, 2019).
For example, the 5'°0 record from Dongge Cave peaks at 7530 BP
(Fig. 9) (Wang et al., 2005). Recently-published speleothem records
from Central Vietnam (Hoa Huong and Thien Duong caves) pertain to
autumn/winter monsoon intensity and thus do not follow the same
pattern (Patterson et al., 2023; Wolf et al., 2023). A much later peak is
observed in most records from Maritime SEA, between 6000 and 4000
BP. For example, see the Bukit Assam, Tangga, and Gempa Bumi cave
580 records in Fig. 9, which are more closely related to autumn inso-
lation (Partin et al., 2007) and controlled by a range of other climate
systems (Chen et al., 2016; Wurtzel et al., 2018).

Speleothem TKD-1 grew during the early- to mid-Holocene, between
approximately 8389-4177 BP. Unfortunately, age uncertainties during
this growth phase are high (+1052-2050 years, average = 41408
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Fig. 9. Tham Khao Dang Cave 5'®0 record during the Holocene compared to
the June Northern Hemisphere Insolation (NHI) at 30°N and Autumn
(Sep-Nov) Southern Hemisphere Insolation (SHI) at 30°S curves (Berger, 1978;
Berger and Loutre, 1991) and other paleoclimate records plotted inverse so that
up in the figure corresponds to higher monsoon intensity and precipitation
amount. Ice core d-excess from Guliya (Thompson et al., 2022) and Fe/Ca ratios
from marine core MD06-3075 (Fraser et al., 2014). All other records are 580
values from caves: Mawmluh (Berkelhammer et al., 2012), Dongge (Wang et al.,
2005), Tham Doun Mai (Griffiths et al., 2020), Hoa Huong (Patterson et al.,
2023), Tham Khao Dang (this study), Klang (Chawchai et al., 2021), Bukit
Assam (Chen et al., 2016), Tangga (Wurtzel et al., 2018) and Gempa Bumi
(Krause et al., 2019). Colored asterisks denote the lowest Holocene values for
Sach record (monsoon peak/wettest conditions). Locations in Fig. 1 and 6.

<

years), which, in combination with a slow growth rate, makes the
identification of shorter duration climatic changes challenging. How-
ever, one distinct pattern is clearly observable during this phase, even
when the full age uncertainties are considered: a distinct Holocene
increasing trend of both §'80 and §'3C values. This trend starts with the
Middle Holocene growth phase (6180 = —11.51 %o at 8250 BP) and
continues into the younger Late Holocene sections of TKD-1 (5'80 =
—8.77 %o at 734 BP), roughly following the June NHI curve at 30° N.
There are three Late Holocene growth phases in TKD-1 and one very
short growth phase in TKD-2 (Table 2 and Fig. 4). In these sections, age
uncertainties average + 216 years in TKD-1 and +156 years in TKD-2.
The increasing trend in these growth phases suggests a gradual reduc-
tion in monsoon intensity and drying of regional climate, continuing at
least until the end of the TKD record at 734 BP (Figs. 5 and 9).

Two other caves from mainland SEA show this same strong trend,
Klang Cave (Thai-Malay Peninsula) and Tham Doun Mai Cave (N Laos)
(Chawchai et al., 2021; Griffiths et al., 2020; Tan et al., 2019), whilst in
two others from Central Vietnam, Hoa Huong and Thien Duong caves, it
is very weak (Patterson et al., 2023; Wolf et al., 2023). This can be
explained by the predominance of autumn precipitation in the region,
largely decoupled from monsoon intensity. In the summer
monsoon-controlled regions of SEA, this trend is strong and ubiquitous,
as has previously been identified in records across the ISM (Kaushal
et al., 2018) and EASM (Yang et al., 2019; Zhang et al., 2019) regions.
From ISM-impacted regions, d-excess from the Guliya ice core and
speleothem 5'%0 from Tianmen and Mawmluh caves show a reduction
of monsoon intensity over the Holocene (Berkelhammer et al., 2012; Cai
et al., 2012; Dutt et al., 2015; Lechleitner et al., 2017; Thompson et al.,
2022). The same trend is evidenced in speleothem &80 records across
the northern (e.g., Dongshiya, Sanbao and Lianhua caves) and southern
(e.g., Dongge, Feilong and Fengyu caves) EASM regions (Dong et al.,
2010, 2015; Duan et al., 2023; Dykoski et al., 2005; Li et al., 2017; Wang
et al., 2005; Zhang et al., 2018).

In Maritime SEA, the pattern is not so uniform. An Fe/Ca record from
marine core MD06-3075 off the southern coast of the Philippines rep-
resents precipitation-controlled sediment composition, influenced by
the WNPSM, and exhibits a similar trend starting 7000 BP (Fraser et al.,
2014). However, many Holocene paleoclimate records found south of 5°
latitude instead show a decrease of 5'80 values that follows the YD
termination and lasts until between 6000 and 4500 BP (Fig. 9). Spe-
leothem 880 records from Bukit Assam (N Borneo), Tangga (W Suma-
tra) and Gempa Bumi (W Sulawesi) caves show decreases that start
before the Holocene (Krause et al., 2019; Partin et al., 2007; Wurtzel
et al., 2018). This same pattern is not reflected in marine core proxies of
monsoon intensity, such as the SO189-39 KL record close to Tangga
Cave or the GeoB10065-7 record off the south of Indonesia (Mohtadi
et al., 2014; Steinke et al., 2014). As mentioned above, the speleothem
records from this region are more closely related to autumn/winter
insolation via the Australasian monsoon, which peaked later in the
Holocene. A weak anti-correlation between the summer and winter
monsoons of SEA has previously been explained by opposite impacts
from seasonally migrating ITCZ (e.g., Griffiths et al., 2016; Sirocko et al.,
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1996; Yancheva et al., 2007), although this relationship and cause has
been disputed (e.g., Steinke et al., 2011).

In the Late Holocene, some smaller climatic shifts are detected, but
these shorter-term changes are extremely tentative at this stage due to
the high age uncertainties and low resolution of TKD samples in the
Holocene. Higher-quality mid- to late-Holocene paleoclimate records
from mainland SEA are required to verify or refute these shifts and
establish their spatial extent.

6. Summary and conclusions

We present two speleothem records from Uthai Thani province,
western Thailand, which are the first from western mainland SEA
covering the Bglling-Allergd interstadial (TKD-2) and the first from
western Thailand detailing the YD termination (TKD-1 and TKD-2) and
mid-Holocene (TKD-1) periods. The stable isotope records are found to
reflect monsoon intensity and precipitation amount, meaning key
climate changes and trends can be revealed in the region.

Speleothem TKD-2 has a period of growth during the Bglling—Allergd
interstadial, during which both 880 and 8'C values have a trend to-
wards lower values. This pattern is observed in summer monsoon re-
cords across Asia and likely results from a decrease in marine 5°0
values associated with glacial melting. The period with the strongest
chronology and highest resolution is a period of growth covering the
termination of the YD and the start of the Holocene. Both records indi-
cate an abrupt termination of the YD, which is dated to 11,675-11,600
BP (473 years) in the TKD-1 8'80 record, superimposed on a long-term
decreasing trend (wetter conditions). Bayesian Change Point Analysis of
multiple paleoclimate records from SEA reveals divisions between ISM,
EASM and Maritime SEA records. Maritime SEA records initiate their
termination earlier at 11,800 BP, suggesting a Southern Hemisphere
origin of the YD termination, and they are gradual, lasting several
centuries. ISM records generally exhibit a rapid transition, starting
around 11,700 BP, whilst northern EASM records still exhibit a rapid YD
termination but delayed by ~100 years. Southern EASM records are
delayed by ~200 years with a more drawn-out termination. Further
research is still required to authenticate the earlier timing of the YD
termination in ISM regions and to understand the mechanisms behind
the broader regional timing differences. Some potentially important
aspects include: the influence of ISM precipitation on Chinese speleo-
them 680 records, an ISM influence on EASM strength via the IOD, the
role of the Tibetan Plateau in monsoon dynamics, and exposure of the
Sundaland shoreline during lower sea levels.

The Holocene peak of the summer monsoon at TKD is at 8250 BP or
earlier, this is a significant delay (of at least a millennia) from the June
NHI peak at 11,000 BP, likely resulting from the persistence of large ice
sheets on land lowering the land-sea temperature gradient. Comparison
with other ASM records again reveals a faster response of the ISM to
global changes when compared to the EASM. Following the ISM peak,
dated sometime between 10,000 and 8000 BP, a distinct increasing
trend in the stable isotope values is observable in TKD that endures until
at least 750 BP. This trend occurs in all ISM and EASM records, closely
following the summer NHI curve. Maritime SEA records show a different
pattern, more closely paralleled by autumn and/or winter insolation due
to the influence of different climate systems. Smaller climatic shifts in
the Late Holocene are not identified due to high age uncertainties and
low resolutions; we argue that resolving these events is an important
next step for studies of climate-society interactions in the region.
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