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Abrupt changes in Atlantic Meridional Overturning Circulation are known to have affected the strength of 
the Indian and Asian Monsoons during glacial and deglacial climate states. However, there is still much 
uncertainty around the hydroclimate response of the Indo-Pacific Warm Pool (IPWP) region to abrupt 
climate changes in the North Atlantic. Many studies suggest a mean southward shift in the intertropical 
convergence zone (ITCZ) in the IPWP region during phases of reduced Atlantic meridional overturning, 
however, existing proxies have seasonal biases and conflicting responses, making it difficult to determine 
the true extent of North Atlantic forcing in this climatically important region.
Here we present a precisely-dated, high-resolution record of eastern Indian Ocean hydroclimate 
variability spanning the last 16 ky (thousand years) from δ18O measurements in an aragonite–calcite 
speleothem from central Sumatra. This represents the western-most speleothem record from the IPWP 
region. Precipitation arrives year-round at this site, with the majority sourced from the local tropical 
eastern Indian Ocean and two additional long-range seasonal sources associated with the boreal and 
austral summer monsoons. The Sumatran speleothem demonstrates a clear deglacial structure that 
includes 18O enrichment during the Younger Dryas and 18O depletion during the Bølling–Allerød, similar 
to the pattern seen in speleothems of the Asian and Indian monsoon realms. The speleothem δ18O 
changes at this site are best explained by changes in rainfall amount and changes in the contributions 
from different moisture pathways. Reduced rainfall in Sumatra during the Younger Dryas is most likely 
driven by reductions in moisture transport along the northern or southern monsoon transport pathways 
to Sumatra. Considered with other regional proxies, the record from Sumatra suggests the response of 
the IPWP to North Atlantic freshwater forcing is not solely driven by southward shifts of the ITCZ, but 
also a reduction in moisture transport along both monsoon pathways.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The last glacial termination was characterized by multiple 
millennial-scale shifts in global climate. Records of the last degla-
ciation from Greenland exhibit a sequence of abrupt climatic 
shifts, starting with the cold interval, Heinrich Stadial 1 (HS1, 
∼17.5–14.7 ka; thousand years ago) (Heinrich, 1988). This was fol-
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lowed by an abrupt warm event (the Bølling–Allerød (BA, ∼14.7–
12.9 ka)), a transition back to near glacial conditions during the 
Younger Dryas (YD; ∼12.9–11.7 ka) that culminated in Holocene 
warmth starting ∼10 ka (NGRIP members, 2004; Stuiver and 
Grootes, 2000).

Though the precise cause of abrupt cold events is still debated, 
there is strong evidence to suggest that they are related to the in-
stability of large ice sheets during glacial terminations (Broecker 
et al., 2010; Denton et al., 2010). The YD and HS1 events have 
been identified in North Atlantic marine sediments as increases in 
ice-rafted debris associated with increased iceberg and meltwater 
discharge (Bond et al., 1993). The freshwater input into the North 
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Fig. 1. Maps of IPWP proxies discussed in text for three intervals of interest: Heinrich Stadial 1 (16 ka), Bølling–Allerød (14 ka), and the Younger Dryas (12 ka). Marker shapes 
denote seawater δ18O (circles), speleothem δ18O (triangles), and leaf wax δD (square) and marker colors denote direction of the anomaly in terms of depletion of 18O or 
D (green), enrichment of 18O or D (red), neutral (white), and no data available for the interval (black). Anomalies are classified relative to the preceding interval (YD:BA, 
BA:HS1, HS1:LGM). The dark grey outline indicates modern coastline, while medium grey shading represents exposed shelf during periods of lower sea level. Sea level was 
inferred from the curve of Lambeck et al. (2014). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Atlantic severely weakened Atlantic Meridional Overturning Circu-
lation (AMOC), reducing northward ocean heat transport, and cool-
ing the Northern Hemisphere (McManus et al., 2004). In response, 
the Southern Hemisphere warmed during the cold stadials, HS1 
and the YD, and warming stalled during the Antarctic Cold Rever-
sal (ACR), the southern counterpart to the BA (Barker et al., 2009;
Knutti et al., 2004). In response to this “bipolar seesaw”, in which 
reorganization of ocean circulation during stadials redistributes 
heat from the Northern Hemisphere to the Southern Hemisphere, 
there is an accompanying reorganization of atmospheric circula-
tion as the mean position of the Intertropical Convergence Zone 
(ITCZ) shifts southward (Chiang and Bitz, 2005; Zhang, 2005). This, 
in turn, drives the Southern Hemisphere westerlies southward, in-
creases upwelling and CO2 ventilation in the Southern Ocean, and 
feeds back into deglacial warming (Denton et al., 2010).

Proxy data from the Cariaco Basin show evidence for this mean 
southward movement of the ITCZ through a reduction in rain-
fall in the tropical Atlantic during the YD (Hughen et al., 1996). 
The Greenland deglacial sequence had far-reaching impacts on pre-
cipitation well beyond the North Atlantic. In the Asian and In-
dian Summer Monsoon realm, speleothem records from Dongge 
(Dykoski et al., 2005), Hulu (Wang et al., 2001), and Mawmluh 
Caves (Dutt et al., 2015) exhibit 18O enrichment, interpreted as 
severely weakened monsoon intensity, during HS1 and the YD, 
and 18O depletion (monsoon strengthening) during the BA (Fig. 1). 
Several mechanisms have been proposed to connect the North At-
lantic to the Indian and Asian Monsoons. These include a station-
ary Rossby wave atmospheric teleconnection between the North 
Atlantic and India (Mohtadi et al., 2014), perturbations in the posi-
tion of the Northern Hemisphere subtropical westerly jet (Marzin 
et al., 2013), and changes to the mean state of Pacific Walker cir-
culation (Zhang and Delworth, 2005). Despite uncertainty about 
the teleconnection mechanism, abundant empirical evidence ex-
ists connecting climate changes in the tropical Indian Ocean region 
with the North Atlantic, and significant progress has been made 
towards understanding the regional manifestation of the YD in the 
Asian monsoon realm.

Both model (Pausata et al., 2011) and proxy (Tierney et al., 
2015) data indicate that the regional response in the Indian Ocean 
to North Atlantic cold snaps is a cooling of western tropical In-
dian Ocean SSTs. The results of Pausata et al. (2011) suggest that 
changes in Indian Ocean SSTs during North Atlantic stadials is 
the primary contributor to changes in the Indian Monsoon with 
cooler Indian Ocean SSTs causing a reduction in precipitation trans-
ported over the Indian Ocean and Indian subcontinent. As a result, 
speleothem records of precipitation along this path (e.g., Mawm-
luh, Dongge, and Hulu Caves) exhibit either reduced rainfall during 
the YD and HS1, or isotopically enriched signals due to reduced 
rain-out along the transport path (or a combination of both).

Despite clear North Atlantic signals in Asian speleothems, the 
manifestation of high-latitude millennial-scale climate events in 
the Indo-Pacific Warm Pool remains a subject of ambiguity, due 
to the conflicting information on hydrological variability during 
the last termination interpreted from the limited number of high-
resolution proxy records from this region. For example, speleothem 
δ18O from Borneo (Partin et al., 2007) and leaf wax δD from Su-
lawesi (Konecky et al., 2016) show no response to the Younger 
Dryas or Bølling–Allerød (Fig. 1). However, seawater-δ18O (δ18Osw) 
estimates from the South China Sea (Steinke et al., 2006), Sulu 
Sea (Rosenthal et al., 2003), and Makassar Strait (Schröder et 
al., 2016) exhibit a deglacial pattern including the YD, BA, and 
HS1. In the southern IPWP, speleothems from Flores record 18O 
depletion, suggesting an increase in rainfall during the YD and 
HS1 that has been interpreted as a mean southward shift of the 
ITCZ (Ayliffe et al., 2013; Griffiths et al., 2009). In contrast, two 
seawater-δ18O reconstructions from just south of Flores suggest a 
reduction in rainfall during the YD and HS1 (Gibbons et al., 2014;
Levi et al., 2007), while two more in the Timor Sea show no change 
(Stott et al., 2004; Xu et al., 2008). Furthermore, there is evidence 
to suggest that northern Australia received enhanced austral sum-
mer monsoon rainfall during HS1, and reduced rainfall during the 
BA, however the YD signal is unclear in these records (Denniston 
et al., 2013; Muller et al., 2008).

Cool SSTs in the tropical western Indian Ocean during cold 
stadials are not mirrored in the tropical eastern Indian Ocean 
(Mohtadi et al., 2014). Planktonic foraminiferal Mg/Ca-SST recon-
structions from offshore West Sumatra show little temperature 
response to either the YD or HS1 (Mohtadi et al., 2014), simi-
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Fig. 2. (a) Topographic map of Sumatra with study site marked by star. (b) Mean annual precipitation (1979–2015) in the Indo-Pacific region from CPC Merged Analysis of 
Precipitation (Xie and Arkin, 1997). The position of maximum meridional rainfall (inferred from minimum outgoing longwave radiation; Liebmann and Smith, 1996) during 
JJA and DJF is indicated. (c) Mean monthly rainfall from Payakumbuh (∼20 km from cave site).
lar to other SST reconstructions from the IPWP (Gibbons et al., 
2014). There is, however, a clear hydrologic change seen in the 
seawater oxygen isotope reconstruction from the same site. The 
δ18Osw records a strong increase (decrease) during the YD and HS1 
(BA), interpreted by the authors as a change in local salinity due 
to reduced (increased) rainfall, which they attribute to reorgani-
zation of Hadley circulation in the Indian Ocean (Mohtadi et al., 
2014).

Because the IPWP lies at the intersection between numer-
ous hydrological climate phenomena that have widespread zonal 
(Walker circulation) and meridional (Hadley circulation, ITCZ, Aus-
tralasian monsoon) ramifications, it is important to gain a clearer 
understanding of how this region responded to abrupt climate 
changes in the past. In light of disparities between IPWP recon-
structions of the last deglacial, it is prudent to consider both 
marine and terrestrial proxies, as well as consider seasonality 
and meridional-zonal controls on hydrologic variability. Here we 
present a deglacial-Holocene rainfall record spanning 16,500 yrs 
from a precisely-dated, decadally-resolved aragonite–calcite stalag-
mite from central West Sumatra. This is the first speleothem record 
from the Indian Ocean sector of the IPWP, and the westernmost 
for all IPWP speleothem sites. The cave site is located ∼100 km 
from sediment core SO189-39KL, and provides a complementary 
terrestrial perspective to the marine reconstruction. We compare 
our record to other hydroclimate records in the Asian and Indian 
Summer Monsoon (ASM/ISM) realms and in the Indo-Pacific Warm 
Pool region. We use these results to examine spatial and seasonal 
differences in Asia and Indo-Pacific Warm Pool hydroclimate dur-
ing the Bølling–Allerød and Younger Dryas periods. We additionally 
compare a detailed modern climatology with results from a general 
circulation model equipped with vapor source distribution (VSD) 
tracers to infer which moisture sources may be driving precipita-
tion changes under hosing conditions.
2. Study site and climatology

Tangga Cave (0◦21′S, 100◦45′E, 600 m) is located in the Barisan 
Mountains of central West Sumatra, Indonesia (Fig. 2). The caves 
here are in carbonate host rocks formed in the mid-Miocene 
(Wilson, 2002).

2.1. Modern climatology

Modern climatology at Tangga Cave was calculated using me-
teorological data from a nearby (∼20 km) weather station in 
Payakumbuh village (−0.22◦N, 100.62◦E) that was active between 
1880–1941 and 1951–1975 (Peterson and Vose, 1997). No sta-
tions within 100 km were in operation after 1975. Average annual 
rainfall exceeds 2000 mm yr −1 (Fig. 2). Rain is received through-
out the year, but with a relative minimum in June–July–August. 
Using NOAA’s Hybrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT4) model with the NCEP/NCAR Reanalysis V2 grid-
ded dataset, we analyzed daily back trajectories of rain-bearing air 
masses to our study site from January 2000 to December 2010 
(Draxler and Hess, 1997). Cluster analysis of the 6-day back tra-
jectories of rainfall events (>8.5 mm/day) identifies three primary 
sources of rainfall delivered to Tangga Cave (Fig. 3a). Approxi-
mately 69% of average annual rainfall is sourced from the equa-
torial eastern Indian Ocean (59% local, 10% distal), and arrives 
throughout the year. From late-April through mid-November, rain-
fall can also be sourced from the Timor Sea, and this accounts for 
17% of the annual average. These trajectories are associated with 
the southeasterly trades that form during the boreal summer mon-
soon. From late November through mid-March, this SE trade wind 
source is cut off and replaced by a long-range South China Sea 
source. These northeasterly trajectories are associated with circu-
lation patterns of the austral summer monsoon, and contribute 9% 
of the average annual rainfall to Tangga Cave. Approximately 5% 
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Fig. 3. (a) Four primary paths of source moisture to Tangga Cave. Paths were generated using cluster analysis of rain-bearing 6-day back-trajectories over 2000–2010 period. 
Red, blue, yellow and green lines indicate results of HYSPLIT trajectory cluster analysis, with pie chart representing % annual rainfall from each of those sources. Grey 
represents unassigned trajectories. Inset shows mean monthly rainfall over the analysis period at Tangga Cave from ERA-interim 0.7◦ gridded data (Dee et al., 2011) with 
colors corresponding to source cluster. Colored dots represent starting points of all rain-bearing 6-day back trajectories corresponding to cluster. (b) HYSPLIT monthly source 
contributions for 2001–2006 using ERA-interim precipitation data. Color coding is the same as in Fig. 3a. Black lines are precipitation amount (solid) and precipitation δ18O 
(dashed) from Kototabang (GAW) station (0.12◦S, 100.19◦E, 865 m).
of annual rainfall does not fall into the 3 major trajectory clus-
ters. The cluster contributions show excellent agreement with an 
earlier study using seven tagged Indo-Pacific water source regions 
in a single-layer, Rayleigh-type, isotope-enabled GCM (Suwarman 
et al., 2013). These results corroborate previous studies that sug-
gest rainfall variability in western and northern Sumatra is not 
dominated by monsoon seasonality (Aldrian and Susanto, 2003;
Mohtadi et al., 2014).

2.2. Controls on rainfall δ18O at Tangga Cave

Regional rainfall stations with isotope data demonstrate that 
Indonesian rainfall can be described by four groups based on sea-
sonal isotopic variability (Belgaman et al., 2017). These four rainfall 
types correspond to the rainfall regions as defined by Aldrian and 
Susanto (2003). Rainfall in central Sumatra has similar isotopic 
characteristics to northern Sumatra and western Borneo, consisting 
of two peaks each year of high δ18O related to seasonal migration 
of the ITCZ. Rainfall δ18O in this domain tends to show only a 
weak amount effect (Belgaman et al., 2017).

Drip and rainwater monitoring were not feasible at the cave 
site in this study. However, limited monthly rainfall isotope data 
is available from nearby station, Kototabang (100.19◦E, 0.12◦S, 865 
masl, GAW), spanning the interval from February 2001 to January 
2007 and consisting of 59 rainfall δ18O observations (Kurita et al., 
2009). Analysis of Kototabang station data over this period shows 
that ∼24% of isotopic variance is explained by the local amount ef-
fect at 95% significance (Suwarman et al., 2013). However, multiple 
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Fig. 4. (a) Map showing the correlation coefficient of Kototabang (GAW) station precipitation δ18O with mean annual precipitation from GPCP v2.3 over the period 2001–2006. 
Colors represent r-values significant at 90% level. (b) Linear regression between IsoGSM simulated monthly precipitation amount and simulated monthly precipitation δ18O 
(blue crosses) at grid point closest to Tangga Cave (1979–2013), and linear regression between GAW precipitation amount and monthly δ18O (orange diamonds), demon-
strating amount effect. (c) Correlation between observed monthly precipitation δ18O (GAW) and simulated monthly precipitation δ18O (IsoGSM) for the period 2001–2006. 
(d) Correlation between observed monthly precipitation amount (GAW) and simulated precipitation amount (IsoGSM) for months with rainfall >0 mm for the period 
2001–2006.
studies have demonstrated that the contribution of the amount ef-
fect is stronger on longer time-scales (Kurita et al., 2009; Moerman 
et al., 2013) and when considering larger regions (the “regional 
amount effect”) (Moerman et al., 2013). Correlation of Kototabang 
δ18O with GPCP v2.3 precipitation shows that a similar relation-
ship (r = −0.4 to −0.5) exists over a broader region of the eastern 
Indian Ocean (Fig. 4a).

For the purpose of examining the modern relationship of pre-
cipitation δ18O to rainfall at the study site over a longer time in-
terval, we use existing output from the spectrally nudged, isotope-
enabled general circulation model, IsoGSM (Yoshimura et al., 2008). 
Previous studies have shown that IsoGSM data correlates well with 
GNIP station data in the ASM/ISM monsoon region (Sinha et al., 
2015; Yang et al., 2016). IsoGSM data from the 1.8 × 1.9◦ grid 
point nearest Tangga Cave demonstrates that up to 32% of the 
variance in isotopic values of annual average rainfall on interan-
nual timescales is controlled by the local amount effect, compared 
to the 24% predicted by Kototabang station (Fig. 4b). There is a 
strong correlation between station and modeled oxygen isotope 
data (r = 0.55; Fig. 4c) over the period of overlap; however, the 
correlation between station and modeled precipitation data is very 
weak (r = 0.21; Fig. 4d). The low correlation between observed 
and simulated precipitation likely stems from highly spatially vari-
able rainfall over the mountain ranges of Sumatra; there may be 
significant differences in local amount between Kototabang and the 
study site, which is averaged in the IsoGSM grid box. The strong 
correlation that exists in the isotope data is further evidence that 
the isotopes are regionally coherent, even if rainfall amount is not.

Previous modeling studies using tagged moisture source sug-
gest that Asian summer monsoon rainfall is subject to less rain-
out during transport than Indian Ocean rainfall, despite a longer 
transport pathway, causing ASM rainfall arriving at the site to be 
relatively enriched in 18O (Belgaman et al., 2016; Suwarman et 
al., 2013). Conversely, Indian Ocean moisture transport is subject 
to greater condensation along its path, producing more negative 
δ18O at the site. On a seasonal scale, these moisture source char-
acteristics should enhance the amount effect. In austral winter 
(June–August; JJA), there is a higher proportion of enriched ASM 
rainfall arriving at Tangga Cave. Additionally, less average rain-
fall during JJA should contribute to the more positive δ18O signal. 
Conversely, during transition seasons when the ITCZ is overhead 
(March–May and September–November; MAM and SON), there is 
increased rainfall and a higher proportion of Indian Ocean sources, 
both of which should contribute to lighter δ18O.

To assess the combined influence of moisture source with 
amount effect, we compared the Kototabang precipitation and 
isotope time series with changes in contributions from HYSPLIT-
derived sources over the same time period (Fig. 3b). This analy-
sis highlights the dominance of the local Indian Ocean moisture 
source throughout the year. Three large 18O depletion events 
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(April–May 2002, October–November 2003, October–November 
2005) occur during spring/autumn when rainfall is generally high 
and when Indian Ocean contributions (local and distal) are high-
est, supporting the idea that moisture source and amount effect 
act in the same direction. Surprisingly, the largest rainfall event 
(September–October 2002) is associated with relatively enriched 
values; however, this may be as a result of the above-average 
proportion of enriched ASM rainfall offsetting the amount effect. 
It appears then that while negative δ18O excursions tend to be 
associated with increased rainfall, increased rainfall does not nec-
essarily produce a negative δ18O excursion. Heavier δ18O values 
are generally associated with an increase in ASM rainfall sources. 
In particular, the heaviest values occur during September–October 
2006 when local Indian Ocean sources were replaced solely by 
ASM sources as a result of a strong Indian Ocean Dipole event 
(Abram et al., 2008).

This analysis, along with the broader correlation of Kototabang 
isotopes with eastern Indian Ocean rainfall amount, suggests that 
the local eastern Indian Ocean source is the dominant driver of 
isotopic depletion in rainfall δ18O at the cave site, both through 
changes in amount of rainfall being derived from this source and 
through changes in proportion of this source through time.

Modern seawater oxygen isotope data demonstrates less than 
a 0.1� variation between the three trajectory source regions 
(LeGrande and Schmidt, 2006). Estimates of LGM seawater isotopic 
anomalies suggest that the South China Sea may have been rela-
tively depleted by up to 0.3� or enriched up to 0.4� and the In-
dian Ocean and Timor Seas may have been enriched by up to 0.5�
relative to present (Waelbroeck et al., 2014). Assuming a constant 
fractionation factor over a constant distance over time, there is 
a maximum 0.5� change related to moisture source composi-
tion from a single source. With respect to the isotope variability 
recorded by the Tangga Cave record since the LGM (see Section 4), 
these values are relatively small. Likewise, the effect of mixing 
these two moisture sources at a given time in the past, though 
dependent on the mixing proportion, is limited to the maximum 
anomaly of +0.5�, and could be less if the enriched and depleted 
source averaged out. Therefore, we do not expect source moisture 
composition changes to be a primary contributor to changes in the 
speleothem isotope record. Based on the analyses presented here 
and regional coherence with other speleothem records, we inter-
pret speleothem δ18O at the cave site as an annually integrated 
signal of rainfall amount (dominated by eastern Indian Ocean con-
tributions) as well as the combined influence of multiple moisture 
transport paths with varying isotopic compositions.

3. Materials and methods

3.1. Speleothem sampling

The entrance to Tangga Cave is at the base of a sinkhole cov-
ered with jungle vegetation. The cave narrows considerably ∼50 m 
from the entrance, and descends steeply to a lower level with an 
underground river passage. The main sample used in this study, 
TA12-2, was collected from a small chamber located ∼105 m from 
the cave entrance. The specimen was found in a toppled position 
on a muddy substrate in the lower level of the cave (but above the 
river).

TA12-2 was slabbed and hand polished before sampling (Fig. 5). 
The total length is ∼50 cm with a relatively constant diameter of 
∼4 cm. TA12-2 is visibly laminated with alternating light and dark 
layers for the top 38 cm. Between 38–44 cm, it is comprised of 
white needle-like crystalline material, and the final section from 
44–50 cm has similar laminations to the upper section.

The central slab was sampled continuously for stable isotope 
analysis at 0.5 mm resolution along its central growth axis using 
Fig. 5. Image of TA12-2 next to U/Th age-depth model for TA12-2. Red circles with 
2σ error indicate where dates were taken. Black line is age-depth model. 2σ con-
fidence interval is marked in grey. Age model and uncertainties generated in Bacon 
software for R (Blaauw and Christen, 2011). Groove on image shows milling tran-
sect for δ18O samples. Holes beside milling transect show locations where powders 
were collected for U/Th analysis (Note: not all powders analyzed). ∗Dates generated 
at RSES, ANU.

a micromill with a 1 mm diameter mill bit. Powders for U-series 
sampling were collected adjacent to the isotope transect. The of-
fcut slab that faced the milled slab surface was hand-broken (to 
avoid losing material by sawing) into seven pieces less than 9.5 cm 
length. These pieces were used for used for laser ablation induc-
tively coupled plasma mass spectrometer (ICP-MS) trace element 
analysis and Raman spectroscopy. After laser analysis, these pieces 
were used to create petrographic thin sections along the entire 
length of the specimen.

3.2. Mineralogical determination

TA12-2 was initially screened for mineralogy using XRD at two 
points along the specimen, which indicated an aragonitic compo-
sition. However, subsequent detailed trace element analysis indi-
cated that some layers are instead composed of calcite. The tech-
niques described below were used to determine mineralogy along 
the length of the specimen.

3.2.1. Laser ablation ICP-MS trace element analysis
Trace element measurements were made at the Australian 

National University using an ArF Excimer laser ablation system 
(193 nm; Lambda Physik LPX120i) coupled with a single collector 
Varian 820 quadrupole inductively coupled plasma mass spectrom-
eter (ICP-MS). All sample tracks were pre-ablated using a 265 μm 
spot size at 10 Hz moving at 200 μm/s in order to pre-clean the 
trace element analysis track. Analyses were conducted by pulsing 
the laser at 5 Hz with a 40 μm round ablation spot moving at 
40 μm/s. Twenty elemental masses (11B, 23Na, 24Mg, 25Mg, 27Al, 
31P, 43Ca, 44Ca, 47Ti, 55Mn, 66Zn, 86Sr, 88Sr, 89Y, 137Ba, 138Ba, 139La, 
208Pb, 232Th, 238U) were measured for transects running along 
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Fig. 6. Mineral identification and oxygen isotope correction. Depth vs. a) raw speleothem δ18O (grey) corrected to aragonite values using 1� offset (blue), b) strontium (red) 
in ppm plotted on reversed y-axis and magnesium (orange) in ppm plotted on log-scale, d) Raman power spectra showing diagnostic wavelength bands for calcite (280 cm1) 
and aragonite (206 cm1). Antiphased behavior in the trace elements and power in the Raman calcite band correspond to anomalous depletions in the oxygen isotope record 
relative to aragonite values. Aragonite layers were targeted for U/Th date samples (blue triangles).
the growth axis of TA12-2. Analysis was also performed on three 
standards (NIST612, NIST610, in-house coral NEP 3B) and for back-
ground counts. The standards and background were measured be-
fore and after each analysis transect to correct for drift. All data 
was corrected relative to the NIST612 glass standard, and normal-
ized to 43Ca, using a MATLAB script written by the author. Calcite 
and aragonite phases are evident in the Sr and Mg content of the 
speleothem.

3.2.2. Raman spectroscopy
Raman spectroscopy is a non-destructive method that can be 

used to identify the relative amounts of mineral phases using the 
vibrational modes of different crystal lattices. In the case of car-
bonate, the different crystal structures of aragonite and calcite 
produce distinct Raman spectra, despite sharing the same CaCO3
composition (White, 2006). Raman analysis was performed along 
the same analysis track as the trace element laser ablation analysis. 
Raman analysis was carried out at the ANU’s Research School of 
Physics on a Renishaw InVin Raman spectrometer, using a 632 nm 
red laser at 50% power with 1200 mm−1 grating. A 20× objective 
lens with a 1.93 μm diameter spot size was used in conjunc-
tion with a 1 second acquisition time. Spectra were collected in 
a broad spectral frequency range from 120–1974 cm−1, but the 
low frequency range between 150–300 cm−1 was used for iden-
tifying the diagnostic peaks for calcite (280 cm−1) and aragonite 
(206 cm−1).

3.2.3. Thin section petrography
Thin sections were created from the same offcut slab pieces 

used for trace element analysis. These pieces were further reduced 
in size to create a full 13-piece transect of 2x1′′ thin sections. 
The unpolished thin sections were prepared at the ANU and pho-
tographed at high magnification using a Leica Power Mosaic at the 
RSES. Thin sections were used to verify the mineralogical clas-
sifications derived from trace element and analysis and Raman 
spectroscopy. Further analysis and identification of mineralogy and 
diagenetic features was performed at the School of Environmen-
tal and Life Sciences at the University of Newcastle. Mineralogical 
analysis of the thin section samples will be discussed in a subse-
quent publication, and for the purposes of this manuscript are only 
used as additional verification of aragonite–calcite phases identi-
fied by trace element and Raman spectroscopy methods.

3.2.4. Mineralogy
High-resolution laser ablation ICP-MS trace element analysis re-

vealed abrupt anti-phased shifts in magnesium and strontium of 
several orders of magnitude (Fig. 6). Magnesium and strontium 
are known to be preferentially incorporated into calcite and arag-
onite lattices, respectively (Finch et al., 2001). As such, the distinct 
shifts in TA12-2 speleothem trace element composition are indica-
tive of alternating layers of aragonite and calcite. The sample is 
predominantly aragonite, but abrupt excursions to high Mg (low 
Sr) composition are indicative of calcite layers in the speleothem.

This interpretation is supported by Raman analysis, which 
definitively identifies the two CaCO3 polymorphs. Raman spec-
troscopy reveals TA12-2 to be primarily composed of aragonite 
with irregular intervals of calcite deposition mainly occurring be-
tween 180–250 mm depth, 280–370 mm depth, and 460–470 mm 
depth. Thin section petrography further confirms that these cal-
cite layers precipitated as primary material and that the sample as 
a whole has undergone only minor secondary micro-replacement 
to calcite (Silvia Frisia, pers. comm.). This retention of the primary 
mineralogical phases is critical to the interpretation of the Tangga 
climate record, as recrystallization of aragonite to calcite can result 
in the loss of the original δ18O signal and loss of uranium (Bajo et 
al., 2016). U/Th dating results obtained from two different labora-
tories are in good agreement (Table 1). This consistency as well as 
the stratigraphic sequence of all 31 dates support the notion that 
even if TA12-2 experienced minor U-loss, it is highly likely that 
chronology presented in this study is accurate and representative 
of primary depositional conditions.
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Table 1
U/Th data for stalagmite TA12-2.

Sample 
ID

Depth 
(mm)

238U
(ppm) ±2σ

[230Th/232Th] [230Th/238U] [234U/238U] Uncorrected
agea (ky BP)

Corrected
agea (ky BP)

Corr. initial 
[234U/238U]

u0 0.7 0.985 ± 0.075 1.7 0.0057 ± 0.0006 1.5176 ± 0.0099 0.345 ± 0.043 0.2223 ± 0.0658 1.5180 ± 0.0099
u8 7.4 15.999 ± 1.250 2.4 0.0064 ± 0.0004 1.5197 ± 0.0182 0.395 ± 0.029 0.3000 ± 0.0481 1.5202 ± 0.0183
u12b 12.4 10.087 ± 0.009 7.6 0.0083 ± 0.0004 1.5234 ± 0.0018 0.531 ± 0.029 0.4936 ± 0.1015 1.5242 ± 0.0018
u30 29.1 9.641 ± 0.770 13.5 0.0183 ± 0.0005 1.5289 ± 0.0096 1.247 ± 0.037 1.1988 ± 0.0417 1.5308 ± 0.0096
u47 48.0 8.906 ± 0.704 27.1 0.0246 ± 0.0004 1.5056 ± 0.0117 1.730 ± 0.033 1.6971 ± 0.0349 1.5081 ± 0.0117
u62 61.9 8.823 ± 0.751 12.7 0.0333 ± 0.0007 1.5254 ± 0.0095 2.339 ± 0.053 2.2452 ± 0.0651 1.5288 ± 0.0095
u69 69.4 7.968 ± 0.636 30.1 0.0342 ± 0.0006 1.5146 ± 0.0105 2.422 ± 0.048 2.3820 ± 0.0501 1.5182 ± 0.0105
u92b 92.3 8.818 ± 0.008 54.4 0.0420 ± 0.0005 1.5208 ± 0.0023 2.984 ± 0.037 2.9587 ± 0.0410 1.5253 ± 0.0023
u116 117.4 9.852 ± 0.782 9.1 0.0518 ± 0.0006 1.5095 ± 0.0101 3.736 ± 0.052 3.7153 ± 0.0524 1.5149 ± 0.0102
u141 140.4 9.983 ± 0.784 49.8 0.0597 ± 0.0006 1.5047 ± 0.0118 4.340 ± 0.057 4.2971 ± 0.0595 1.5110 ± 0.0119
u176 176.4 10.366 ± 0.909 38.6 0.0735 ± 0.0005 1.5142 ± 0.0029 5.347 ± 0.039 5.2786 ± 0.0477 1.5220 ± 0.0029
u220 219.3 9.719 ± 1.777 46.9 0.0920 ± 0.0026 1.5052 ± 0.0096 6.789 ± 0.204 6.7194 ± 0.2067 1.5150 ± 0.0097
u227b 226.4 9.313 ± 0.012 201.5 0.0906 ± 0.0011 1.5079 ± 0.0020 6.669 ± 0.084 6.6555 ± 0.0850 1.5176 ± 0.0020
u258 257.2 11.764 ± 0.936 117.6 0.0998 ± 0.0009 1.5071 ± 0.0085 7.379 ± 0.082 7.3487 ± 0.0829 1.5178 ± 0.0086
u288 287.8 10.044 ± 1.465 7.5 0.1175 ± 0.0025 1.4930 ± 0.0073 8.836 ± 0.203 8.2664 ± 0.3038 1.5047 ± 0.0075
u299b 299.3 10.860 ± 0.011 80.4 0.1153 ± 0.0012 1.5051 ± 0.0014 8.589 ± 0.094 8.5399 ± 0.0966 1.5175 ± 0.0014
u328 328.3 13.034 ± 1.022 61.8 0.1274 ± 0.0012 1.4921 ± 0.0069 9.622 ± 0.106 9.5475 ± 0.1097 1.5056 ± 0.0070
u358 358.6 16.017 ± 1.323 139.9 0.1448 ± 0.0012 1.4879 ± 0.0080 11.040 ± 0.116 11.0263 ± 0.1153 1.5034 ± 0.0082
u372b 372.1 12.924 ± 0.008 1339.0 0.1552 ± 0.0011 1.4978 ± 0.0020 11.794 ± 0.090 11.7922 ± 0.0897 1.5147 ± 0.0020
u383 382.0 10.943 ± 0.855 822.1 0.1572 ± 0.0013 1.4968 ± 0.0080 11.964 ± 0.125 11.9564 ± 0.1258 1.5139 ± 0.0082
u393 393.4 10.943 ± 0.847 194.6 0.1605 ± 0.0016 1.4908 ± 0.0083 12.282 ± 0.149 12.2523 ± 0.1491 1.5081 ± 0.0085
u407 406.8 10.683 ± 0.894 678.7 0.1649 ± 0.0025 1.4866 ± 0.0081 12.677 ± 0.215 12.6682 ± 0.2166 1.5044 ± 0.0083
u423 422.7 10.570 ± 0.846 498.9 0.1704 ± 0.0016 1.4912 ± 0.0080 13.083 ± 0.151 13.0699 ± 0.1501 1.5097 ± 0.0082
u434b 433.3 16.166 ± 0.012 1195.4 0.1732 ± 0.0012 1.4873 ± 0.0021 13.348 ± 0.101 13.3452 ± 0.1003 1.5061 ± 0.0021
u440 439.9 15.786 ± 1.331 23.9 0.1769 ± 0.0013 1.4768 ± 0.0081 13.756 ± 0.134 13.4856 ± 0.1718 1.4954 ± 0.0083

ug0 0 19.579 ± 1.571 66.1 0.1831 ± 0.0013 1.4532 ± 0.0030 14.520 ± 0.075 14.4174 ± 0.0855 1.4721 ± 0.0031
ug6 6.5 13.368 ± 1.019 177.7 0.1859 ± 0.0012 1.4577 ± 0.0078 14.709 ± 0.132 14.6710 ± 0.1330 1.4771 ± 0.0080
ug15 15.1 17.353 ± 1.424 98.4 0.1891 ± 0.0009 1.4489 ± 0.0026 15.079 ± 0.082 15.0061 ± 0.0865 1.4682 ± 0.0027
ug22 22.1 18.569 ± 1.481 213.1 0.1898 ± 0.0017 1.4487 ± 0.0076 15.141 ± 0.168 15.1078 ± 0.1697 1.4683 ± 0.0078
ug43 44.0 17.043 ± 1.351 61.0 0.2057 ± 0.0018 1.4478 ± 0.0073 16.517 ± 0.180 16.3920 ± 0.1866 1.4691 ± 0.0075
ug48 48.2 17.727 ± 1.483 57.5 0.2073 ± 0.0009 1.4505 ± 0.0029 16.622 ± 0.086 16.4869 ± 0.1013 1.4720 ± 0.0030

a Age in ky BP; thousands of years before present where present is defined as 1950 A.D. Ages are calculated using decay constants specified in Cheng et al. (2013). All 
ratios [bracketed] are reported as activities. The uncertainty is reported as 2σ error. Corrected ages use an initial [230Th/232Th] of 0.5 ± 0.2 for the detrital component.

b Samples run at RSES.
3.3. Geochronology

Age control for the TA12-2 sample is based on thirty-one 
uranium–thorium (U/Th) dates. Aragonite layers were targeted for 
dating due to their high uranium concentrations (>10 ppm), and 
powders of 2–6 mg were used. Six dates were generated at the 
ANU on a Thermo Finnigan Neptune Plus multi-collector ICP-MS 
using the methods described in McCulloch and Mortimer (2008). 
Twenty-five dates were generated at the University of Melbourne 
on a Nu Instruments Plasma multi-collector ICP-MS using the 
methods of Hellstrom (2003).

The U–Th dating results are summarized in Table 1. Ages are 
given in thousands of years before present (ky BP; where “pre-
sent” is defined as 1950 A.D.). All 31 U-series dates for TA12-2 
fall in stratigraphic order within error. For all but the top sample, 
uranium concentrations exceeded 8 ppm, due to the high incorpo-
ration of uranium into the aragonite lattice. There was significant 
variation in the 230Th/232Th measurements ranging from 1.7 to 
1339.

Ages were corrected for the initial 230Th concentration using 
the stratigraphical constraint model of Hellstrom (2006), an initial 
[230Th/232Th] of 0.5 ± 0.2 and the U and Th decay constants of 
Cheng et al. (2013). Ages were calculated and corrected for initial 
[230Th/232Th] in MATLAB using Monte Carlo simulations (n = 104) 
to account for 2σ uncertainties in each of the input variables 
and to determine errors on the resulting ages (Hellstrom, 2003;
Scroxton, 2014). A hiatus occurs at a depth of 440 mm and spans 
∼0.88 ky between 13.5 ± 0.11 ky BP and 14.4 ± 0.10 ky BP 
(Fig. 5). The depth-age model for the speleothem was constructed 
separately for above and below the unconformity using a Bayesian 
Monte Carlo approach with the statistical software package, Bacon, 
for R (Blaauw and Christen, 2011) Results from Bacon compared 
well with the model using methods from (Hellstrom, 2006) but al-
lowed more flexibility in dealing with the hiatus.

3.4. Stable isotope analysis

3.4.1. Analytical methods
Measurements of δ18O were made on aliquots of milled pow-

der weighing between 110 and 140 μg at the Australian National 
University using a Finnigan MAT-253 Isotope Ratio Mass Spectrom-
eter coupled with an automated Kiel IV Carbonate device using 
105% H3PO4 at 75 ◦C for carbonate reactions. Results are corrected 
using international standards NBS-19 (δ18O = −2.20� VPDB) and 
NBS-18 (δ18O = −23.00� VPDB; note: To maintain long-term con-
sistency of δ18O results from the RSES stable isotope facility, the 
old value of NBS-18 δ18O composition is used). The internal stan-
dard of ANU-M2 (δ18O = −7.32�) was also routinely analyzed as 
an additional data quality monitor. The analytical error for mea-
surements of NBS-19 and ANU-M2 were calculated by finding the 
standard deviation across all runs. Using this method, the analyti-
cal error was 0.041� (n = 144, 1σ ) for NBS-19 δ18O, and 0.070�
(n = 44, 1σ ) for ANU-M2 δ18O. Stable isotope values are expressed 
in delta notation (δ) as per mille (�) deviations, relative to Vienna 
Peedee Belemnite (VPDB). The oxygen isotope profile for TA12-2 is 
based on 901 isotopic measurements.

3.4.2. Isotopic corrections
The carbonate deposition in aragonite and calcite phases of 

the speleothem appears to be primary and so it is assumed that 
both polymorphs retain their original isotopic signals. This results 
in a relative depletion of 18O in the calcite layers compared to 
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aragonite, due to the different isotopic fractionation coefficients 
of oxygen between the two phases. This offset has been pre-
viously quantified in synthetic aragonite and in situ mineralogi-
cal studies to be between 0.6–1.0� at 25 ◦C (Frisia et al., 2002;
Kim et al., 2007).

Calcite layers in TA12-2 were defined using a 3-component 
Gaussian Mixture Model (GMM) (McLachlan and Peel, 2004) on the 
Mg–Sr laser ablation ICP-MS data set, consisting of ∼18,000 data 
points. The optimal GMM identified a calcite component based on 
a high Mg–low Sr composition. All points within this cluster were 
assigned as calcite and all remaining points received an aragonite 
assignment. The laser ablation data was then binned according 
to stable isotope sample depth. On average, there are about 20 
laser ablation measurements per stable isotope sample. Each iso-
tope measurement was corrected to aragonite-equivalent isotopic 
values based on the fraction of calcite in the corresponding trace 
element bin, with a maximum offset of +1� for a bin containing 
100% calcite composition. The use of this 1� mineralogical cor-
rection consistently brings the δ18O values of calcite layers into 
agreement with the δ18O of adjacent aragonite values.

In addition to mineralogical effects on the TA12-2 speleothem 
δ18O, the isotopic signal originally derives from marine-sourced 
rainfall and is therefore subject to effects from ice volume changes 
in ocean δ18O over glacial–interglacial time-scales. Following the 
approach used in other studies (Carolin et al., 2013) all of the 
oxygen isotope records discussed in this paper (Figs. 7–8) are cor-
rected for estimated changes in ice volume using the global sea 
water δ18O curve developed by Bintanja et al. (2005). The only 
exception is the marine record, which was corrected using the 
Waelbroeck sea level curve by the original authors (Mohtadi et 
al., 2014). These corrections allow for interpretation of local salin-
ity and rainfall changes without the additional isotopic component 
related to sea level (ice volume) changes over glacial–interglacial 
time scales.

4. Results and discussion

4.1. Speleothem δ18O record

The 0.5 mm isotope sample resolution of TA12-2 is equivalent 
to a 15-yr sample resolution on average. The oldest part of the 
speleothem record (∼16.5 ka) is characterized by relatively heavy 
values (∼−5.2�). The first prominent feature in the record is a 
negative excursion of ∼1� centered around 15.8 ky BP. This is 
followed by an abrupt 1� shift at 14.7 ky BP to lighter oxygen iso-
tope values, which corresponds to the onset of the Bølling–Allerød 
period. A short hiatus interrupts the record at 14.4 ky BP but 
growth resumes at 13.5 ky BP at near-similar isotopic values. This 
hiatus occurs where a natural break developed in the specimen af-
ter collection, and it is not clear if it represents a true cessation of 
growth or the absence of sampled material from this period due 
to a slight difference in the orientation of the speleothem slabs. 
The largest anomaly in the record begins at 13 ky BP and lasts 
until 11.5 ky BP with oxygen isotope values rising by 1.5� to a 
maximum of −5.1�. Recovery occurs abruptly as isotope values 
decrease by 1.1� within 200 yrs. This anomaly corresponds re-
markably well with the Younger Dryas event. Subsequent to the 
YD, values decrease more gradually over the next 2000 yrs, until 
they reach an average Holocene value of −8.0� ± 0.58�.

4.2. Indian Ocean region

The Tangga Cave record shows many similarities to records of 
the Asian and Indian summer monsoons (ASM/ISM) during the last 
deglaciation. In particular, the Sumatran rainfall record demon-
strates a clear response to North Atlantic millennial-scale events, 
Fig. 7. Sumatra speleothem δ18O over last deglaciation compared with other paleo-
climate records. a) Greenland (NGRIP) ice core δ18O with GICC05 chronology (NGRIP 
members, 2004; Vinther et al., 2006; Rasmussen et al., 2006) indicative of north-
ern hemisphere high latitude temperature. b) Speleothem δ18O from Dongge and 
Hulu Caves in China (Dykoski et al., 2005; Wang et al., 2001) and c) speleothem 
δ18O from Mawmluh Cave in India (Dutt et al., 2015) reflecting Asian and Indian 
summer monsoon strength, respectively. d) Speleothem δ18O from Tangga Cave in 
Sumatra (this study) and e) seawater δ18O from SO189-39KL from offshore Sumatra 
in the eastern Indian Ocean (light blue) with 7-point running average (dark blue; 
Mohtadi et al., 2014). The speleothem and marine records have been adjusted for 
ice volume-related changes in global seawater δ18O (Bintanja et al., 2005) follow-
ing method of Carolin et al., 2013. Vertical shading denotes timing of YD and HS1. 
f) Location of records shown in a–e. Colors of symbols correspond to colors of time-
series in a–e. The position of the modern maximum meridional rainfall in JJA and 
DJF is indicated by the dashed line.
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Fig. 8. The YD and BA climate events in proxies from the IPWP. From North to South, 
a) Palawan, Philippines (Partin et al., 2015); b) Gunung Buda, Borneo (Partin et al., 
2007); c) Tangga Cave, Sumatra (this study); d) Lake Towuti, Sulawesi (Konecky et 
al., 2016); e) Liang Luar Cave, Flores (Griffiths et al., 2009); and f) Ball Gown Cave, 
Australia (Denniston et al., 2013). Vertical shading denotes timing of YD and HS1. 
g) Location of records shown in a–f. Colors of symbols correspond to colors of time-
series in a–f. The position of the modern maximum meridional rainfall in JJA and 
DJF is indicated by the dashed line.

including distinct 18O enrichment during the YD and depletion 
during the BA periods (Fig. 7). These features are consistent in sign 
and timing to those recorded in the NGRIP ice core temperature 
record and cave records of the Asian and Indian summer mon-
soon regions (Dutt et al., 2015; Dykoski et al., 2005; NGRIP mem-
bers, 2004; Wang et al., 2001) (Fig. 7). As discussed earlier, the 
manifestation of North Atlantic events into India and Asia is well-
established in many speleothem records (Dutt et al., 2015; Dykoski 
et al., 2005; Liu et al., 2013; Shakun et al., 2007; Wang et al., 
2001). Their occurrence is thought to be related to a reduction of 
moisture transport from a cooler western Indian Ocean following 
a westerly transport path across the Indian Ocean and up through 
the Bay of Bengal onto the Asian continent (Liu et al., 2014).

The new speleothem record from Sumatra provides evidence 
that the ASM/ISM deglacial pattern also extended into the trop-
ical eastern Indian Ocean. Though Tangga Cave δ18O variability 
has complex influences from both amount effect and competing 
moisture sources, the regional coherence between multiple pa-
leoclimate records suggests broad-scale mechanisms are in play. 
Comparison between the abrupt deglacial events in the Sumatran 
speleothem δ18O record and the nearby marine sediment δ18Osw
reconstruction (SO189-39KL; Mohtadi et al., 2014) shows excellent 
correspondence in the timing of the BA and YD events, including 
an extremely rapid termination of the YD. Other marine sediment 
studies from the eastern Indian Ocean that exhibit a robust BA-
YD sequence are located in the Bay of Bengal and Andaman Sea. 
These sites are strongly influenced by the ISM, which provides a 
direct link to reduced runoff in boreal summer months during 
weak monsoon events associated with North Atlantic stadial events 
(Marzin et al., 2013; Sijinkumar et al., 2016).

Unlike these more northerly sites, the equatorial region offshore 
of Sumatra receives rainfall year-round with the boreal summer 
monsoon contributing to only a small portion (<25%) of the an-
nual rainfall. This raises the question of why the equatorial eastern 
Indian Ocean records the YD-BA signal so prominently? Indeed, the 
work of (Sijinkumar et al., 2016) seems to indicate weaker struc-
ture of deglacial climate anomalies along an equator-ward (south-
ward) transect in the Bay of Bengal (though it is noted that this 
southward attenuation of signal could be related to lower sed-
imentation rates and bioturbation). However, both the Sumatran 
speleothem and sediment core records carry a robust expression 
of the YD and BA climate events.

It has previously been suggested that ocean advection may 
play a role in the expression of the YD in the Sumatran seawater 
δ18O history (Partin et al., 2015), however, the similarities between 
SO189-39KL and speleothem TA12-2 suggest an atmospheric hy-
droclimate signal, either via a local amount effect or a shared 
rainfall δ18O integration history.

Isotopic values in Tangga Cave during the YD are similar to 
those preceding the BA, as is observed in the marine core. In con-
trast, the YD at Dongge and Mawmluh Caves are slightly lighter 
than values during HS1. Though interrupted by a growth hiatus, 
the onset, duration and termination of the BA are clear in the 
Tangga Cave speleothem, indicating a relative depletion of 18O dur-
ing this interval. The magnitude of the BA δ18O signal at Tangga 
Cave is smaller relative to those in other speleothems from the 
ASM/ISM realm, which reach Holocene levels of isotopic depletion. 
The speleothem response is also smaller in magnitude than that 
of the adjacent marine core. As the speleothem likely records local 
hydrology, it is possible that the amplified BA isotopic signal in the 
marine core is a result of advection of continental runoff from the 
Bay of Bengal caused by the strengthened boreal summer mon-
soon in addition to increased local rainfall in the eastern equato-
rial Indian Ocean. Alternatively, during this period of strengthened 
ASM, the contributions of the relatively enriched south-easterly 
source to Tangga Cave may have been increased relative to the In-
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dian Ocean contribution, resulting in a heavier than expected δ18O 
value during the BA.

Cooler SSTs in the western Indian Ocean during the YD (Tierney 
et al., 2015), coupled with relatively constant SSTs in the eastern 
Indian Ocean (Mohtadi et al., 2014; Setiawan et al., 2015) could 
be used to infer a persistent negative Indian Ocean Dipole-like 
state (increased west–east SST gradient) in the Indian Ocean re-
gion during the YD. However, the reduced rainfall in the eastern 
Indian Ocean does not support a coupled increase in Indian and 
Pacific Walker Circulation, perhaps owing to the fact that the en-
hanced gradient is related to cooling anomalies in the western 
Indian Ocean, rather than warming in the eastern Indian Ocean. 
It could also signify that rainfall changes associated with weaken-
ing of the Asian and Indian monsoons dominate over any effects 
caused by the change in zonal SST gradients across the tropical In-
dian Ocean.

Indian Ocean hydroclimate does not mirror the zonal asymme-
try observed in Indian Ocean SSTs. Idealized hosing experiments 
have been used to infer that a reorganization of Hadley circula-
tion in the Indian Ocean, including a mean southward shift of 
the ITCZ and a weakening of the boreal summer monsoon, is a 
key response to North Atlantic freshwater forcing such as the YD 
(Lewis et al., 2011; Mohtadi et al., 2014). This interpretation is 
supported by proxy records from the western Indian Ocean, sug-
gesting a zonally symmetric response in hydroclimate across the 
Indian Ocean during the YD. Speleothem records from Yemen in-
dicate a reduction in the Indian Monsoon (Shakun et al., 2007), 
which considered with the Sumatran speleothem, demonstrates a 
widespread weakening across the entire Indian Ocean Basin. Both 
Lakes Challa (3◦S) and Tanganyika (6◦S) record isotopic enrich-
ment across the YD (Tierney et al., 2008, 2011), while sites fur-
ther south (Zambezi catchment (18◦S), Lake Chilwa (15◦S)) show 
isotopic depletion or lake level highstands (Schefuß et al., 2011;
Thomas et al., 2009), likely signifying a southward shift in the as-
cending branch of the Hadley circulation.

The record from Sumatra supports a cross-basin YD response in 
Indian Ocean hydroclimate that is consistent with the signal ob-
served in the ASM/ISM realm and in the offshore Sumatra δ18Osw
reconstruction. Though records from Africa support a southward 
ITCZ shift, equatorial sites such as Tangga Cave should still be re-
ceiving rainfall from the ITCZ as it passes overhead at least once 
during its annual migration. Thus, a mean southwards ITCZ shift 
alone is unlikely to have caused the drying observed in Sumatra. 
Indeed, an examination of nearby proxies in the Indo-Pacific Warm 
Pool suggests a more complex mechanism.

4.3. The Younger Dryas in the Indo-Pacific Warm Pool

In the IPWP, a mean southward ITCZ shift during the YD has 
been inferred from amount-effect driven changes in δ18O at sites 
on the meridional edges of the IPWP (Fig. 8). As with rainfall δ18O 
in Sumatra, rainfall δ18O at other IPWP sites may be controlled by 
a combination of moisture source and regional or local amount 
effect, with moisture source often enhancing the amount effect 
signal. The other IPWP sites have been interpreted in-line with 
each site’s listed publication. These include an increase in precip-
itation recorded by speleothems from Flores (Ayliffe et al., 2013;
Griffiths et al., 2009), and rainfall decreases in Palawan (Philip-
pines) in the northern IPWP (Partin et al., 2015). The 18O depletion 
over Flores during the YD contrasts with the YD 18O enrichment in 
the Sumatran speleothem, suggesting that different processes dom-
inated the YD hydroclimate response at the zonal and meridional 
margins of the IPWP.

Like China, the Palawan site in the northern IPWP receives the 
majority of its rainfall during the boreal summer monsoon season 
and shows a distinct decrease in rainfall during the YD (Partin et 
al., 2015). Models suggest that much of the northern IPWP dried 
out during boreal summer, with some simulations suggesting con-
current increases in precipitation in the austral tropics (Lewis et 
al., 2010) and others indicating no anomalous austral precipitation 
(Partin et al., 2015; Pausata et al., 2011). The former might indicate 
a southward position of the ITCZ during boreal summer. However, 
as the ITCZ still would have migrated north during boreal summer 
(McGee et al., 2014; Schneider et al., 2014) reaching the boreal 
tropics, drying in Palawan likely indicates a reduction of convec-
tive rainfall within the ITCZ during boreal summer or a reduction 
in the duration of the boreal summer season, rather than a south-
ward shift.

In the southern part of the IPWP, Liang Luar Cave in Flo-
res currently receives 70% of its rainfall during austral summer 
(December–March). During the YD, the Flores speleothem suggests 
a slight increase in rainfall, interpreted as an intensification of 
austral summer monsoon rainfall associated with a austral sum-
mer southward ITCZ shift (Griffiths et al., 2009). The YD signal 
is ambiguous in the precipitation record from northern Australia 
(Denniston et al., 2013), however, a precipitation increase at Flores 
and Ball Gown Cave during HS1 suggests a similar mechanism is 
at play (Ayliffe et al., 2013). It is possible that the austral summer 
ITCZ rain belt during the YD was shifted south relative to mod-
ern, but north relative to HS1, such that Flores received increased 
duration of rainfall, but not NW Australia.

To date, no YD response has been documented from equato-
rial sites from the IPWP. A speleothem record from Borneo (Partin 
et al., 2015) and a lake sediment leaf wax record from Sulawesi 
(Konecky et al., 2016) both show no clear rainfall response to the 
YD or BA. At 3◦S, leaf wax from Lake Towuti, Sulawesi, suggests no 
change in rainfall during the austral summer monsoon (Konecky 
et al., 2016). Since both Flores and Sulawesi are biased towards 
the austral summer monsoon, it might be expected that intensified 
austral summer monsoon rainfall would manifest in the Sulawesi 
record during millennial-scale events. In contrast, if austral sum-
mer monsoon rainfall remained the same or decreased during the 
Younger Dryas, the 18O depletion at Flores and neutral signal at 
Sulawesi must be attributed to either ITCZ duration overhead or 
latitudinal positioning. Flores, at the southern limit of modern ITCZ 
rainfall, might record increased rainfall due to its more prolonged 
duration under the ITCZ rain belt. Sulawesi may similarly be sub-
ject to an extended monsoon season, which may cancel out the 
reduction in moisture transport. Relative to Flores, which is only 
under the ITCZ during austral summer, Sulawesi, which is already 
under the ITCZ for a greater part of the year, may be less sensitive 
to an austral summer southward shift. Considered together, the 
records from Flores and Sulawesi suggest that ITCZ-related austral 
summer convective rainfall did not intensify, as this would result 
in an δ18O decrease at both sites. Rather, the δ18O signals at Flo-
res and Sulawesi can be explained by changes in the duration of 
the ITCZ overhead associated with a southward ITCZ shift, without 
invoking an increase in convective rainfall.

If these assumptions are correct, then overall moisture trans-
port along monsoon transport pathways during both boreal and 
austral summer was weaker or the same during the YD. Boreal 
summer monsoon rainfall reductions, like those observed at the 
Palawan site and across China and India, likely contribute to the 
Sumatra YD signal. However, because Sumatra also receives consid-
erable rainfall contributions from other sources during the rest of 
the year, an increase in austral monsoon convective rainfall would 
be expected to counteract the boreal signal. However, the proxy 
evidence from the austral monsoon system does not necessitate an 
increase in moisture transport along the austral monsoon transport 
pathway.

Indeed, results from an idealized hosing experiment of the cou-
pled ocean-atmosphere GISS ModelE-R (Lewis et al., 2010) sup-
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Fig. 9. GISS ModelE-R vapor source distribution (VSD) results for Tangga Cave, Sumatra. Modern (Ok) precipitation source for a) JJA and b) DJF, and hosing precipitation source 
anomalies for c) JJA and d) DJF. The precipitation source distribution utilized in this study is a subset of the VSD, defined where vapor condenses to liquid. VSD resolution is 
∼8 × 10◦ . VSDs are unitless probability density functions.
port the case for reduced monsoon-sourced rainfall to Sumatra. 
GISS ModelE-R is equipped with water vapor source distribution 
(VSD) tracers, which can be traced back through cloud processes 
to the site of surface evaporation. GISS ModelE-R VSD results indi-
cate that both the austral and boreal monsoon moisture transport 
pathways for Tangga Cave (Fig. 3) were decreased relative to local 
Indian Ocean sources during hosing (Fig. 9). Though this implies an 
increase in the proportion of relatively 18O-depleted Indian Ocean 
sources, the fact that Tangga Cave records 18O enrichment suggests 
there must be a counteracting change in either the amount of rain-
fall from all sources or the transport distance, both of which would 
serve to increase δ18O.

Reductions in the monsoon transport pathways do not preclude 
involvement of the Indian Ocean moisture source to the patterns 
observed in Sumatra. The Indian Ocean source can contribute to 
18O enrichment via a similar decrease in rainfall. Alternatively, or 
in concert with rainfall reduction, the Indian Ocean source be-
comes more localized, which could have resulted in less rainout 
along this transport path and more enriched isotopic values. A re-
cent modeling study accurately captures the pattern of rainfall 
captured by IPWP proxies during HS1 (Mohtadi et al., 2014). Dur-
ing a freshwater hosing experiment, the simulation suggests that a 
strengthening of the Indian Ocean equatorial westerly winds would 
accompany a southward shift of the Indian Ocean Hadley cell, cre-
ating a strong subsidence anomaly above Sumatra.

If similar mechanisms were at play during the YD, these dry 
winds could punctuate eastward over Sumatra, but be constrained 
by the ascending branch of Pacific Walker circulation somewhere 
in the vicinity of Borneo. The speleothem record from Borneo 
(Partin et al., 2007) indicates no obvious rainfall anomaly during 
the YD. Today, the Borneo cave site receives rainfall year-round and 
is strongly influenced by Pacific climate variability associated with 
the El Niño-Southern Oscillation (ENSO) (Moerman et al., 2013;
Partin et al., 2007). It has been suggested that Borneo may receive 
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opposing rainfall signals in summer and winter that canceled out 
a response to millennial scale ITCZ shifts during the YD (Partin et 
al., 2015). However, the Sumatra speleothem and GISS ModelE-R
results indicate that net austral and boreal summer monsoon mois-
ture transport are reduced, which should manifest as drying or 
enrichment at sites without a strong rainfall seasonality. An alter-
native is that the increasing precessional signal of boreal autumn 
insolation in the equatorial Pacific during the last glacial termi-
nation may dominate over North Atlantic forcing in the central 
Warm Pool during the YD, potentially explaining why no YD signal 
is observed despite the Borneo reconstruction containing multiple 
Heinrich events (Carolin et al., 2013, 2016; Partin et al., 2007).

Taken together, the proxy data from the Indo-Pacific Warm Pool 
suggest a reduction of moisture transport in both the austral and 
boreal monsoon transport pathways. Sites that exhibit a dry or 
18O-enriched YD (i.e., Palawan and Sumatra) are driven by weak-
ening of summer monsoon transport. Sumatra may also be subject 
to reduced length of transport pathways during YD, leading to 18O 
enrichment. Sites that demonstrate 18O depletion interpreted as 
increased rainfall (i.e., Flores) observe an extended duration of the 
ITCZ overhead. Sites which show no response are very close to the 
equator and either highly seasonal (i.e. Sulawesi) such that the re-
duction of moisture transport may be counteracted by an increased 
season length, or overridden by other mechanisms that influence 
local precipitation, such as insolation (i.e., Borneo).

5. Conclusions

The new speleothem record from Sumatra demonstrates an ex-
tended spatial reach of the Younger Dryas climate anomaly into 
the eastern equatorial Indian Ocean region. This adds to previous 
evidence of a seawater δ18O response offshore of Sumatra by con-
firming that the YD involved a rapid and marked 18O enrichment 
of precipitation over central Sumatra and was not just an advected 
signal at nearby marine sites. The Sumatran speleothem record and 
VSD results indicate an overall weakening of moisture transport 
along both the boreal and austral monsoon transport pathways. 
This response does not preclude the involvement of a southward 
austral summer ITCZ shift and an Indian Ocean trade wind induced 
reduction of Indian Ocean-sourced rainfall. A signal of the YD cli-
mate anomaly appears at both the zonal and meridional edges of 
the IPWP, but is ambiguous in central IPWP records, potentially 
due to the overriding control of Pacific forcing during the last 
termination. Further isotope-enabled modeling studies will be use-
ful to constrain the relative contributions of moisture source and 
amount effect, as well as further explore mechanisms that drive 
differences between the YD and HS1. The new speleothem record 
from Sumatra has important implications for the extent of North 
Atlantic forcing in the tropics, particularly in light of uncertainty 
about the future of Atlantic Meridional Overturning Circulation 
(Rahmstorf et al., 2015).
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