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Abstract.  

Glacial Terminations represent the largest amplitude climate changes of the last several million years.  Several possible 

orbital-insolation triggers have been described to initiate and sustain glacial Terminations. Because of the availability of 

radiocarbon dating, the most recent Termination (TI) has been extensively characterized. Yet, it is widely discussed whether 

the sequence of feedbacks, millennial events and rates of change seen in TI is recurrent over previous Terminations.  Beyond 15 

the limit of radiocarbon dating, records from the speleothem archive provide absolute age control through uranium-thorium 

dating and high-resolution proxy measurements. The PAGES SISALv3 global speleothem database allows us to synthesize 

the available speleothem records covering Terminations. However, speleothem climate signals are encoded in a number of 

proxies, and unlike proxies in other archives like ice or marine cores, the climatic interpretation of a given proxy can vary 

quite significantly among different regions. In this study, we  20 

• synthesize the available speleothem records providing climate information for Terminations: TII, TIIIA,TIII, TIV 

and TV, 

• present the records based on the aspect of climate encoded in the available records, 

• examine the effects of different ice volume corrections on the final climate proxy record, 

• evaluate whether there are leads and lags in the manifestation of Terminations across different aspects of the climate 25 

systems and different regions, 

• we suggest directions for future speleothem research covering Terminations, speculate on suitable tuning targets 

among marine and ice core proxies, and discuss what model outputs maybe most suitable for comparison. 

We find that TII has the greatest number of globally distributed records followed by TIIA and TIII. The records covering 

TIV and TV are largely restricted to the East Asian and Southeast Asian monsoon regions. Modelling and data-model 30 

comparison studies have greatly increased our understanding of the interpretation of oxygen isotope records across 

Terminations. Ice volume corrections have the most significant impact on European speleothem records with moisture 

sourced directly from the North Atlantic region. Within each Termination, a sequence of events can be established between a 
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sub-set of events and this sequence stays largely consistent across Terminations. However, improvements in dating and age-

model uncertainties, higher resolution records and multi-proxy approaches are required to establish sequences within each 35 

sub-set of events. Beyond further research on targeted speleothem records, our recommendations for future directions 

include focusing on TII as a useful next target to understand climate dynamics, isotope-enabled transient simulations for 

better characterization of the other Terminations, and development of marine proxy records with signals common to 

speleothems to further improve the chronology of Terminations.   

 40 

1 Introduction  

Glacial Terminations represent the largest amplitude climate changes of the last several million years (Cheng et al., 2009, 

2016b; Brook and Buizert, 2018). Over ~ 10 ky (10 kiloyear or 10,000 year) timescale, large northern hemisphere ice sheets 

retreat (e.g. Carlson and Winsor, 2012), and sea level rises (e.g. Gallup et al., 2002), and atmospheric CO2 (Fischer et al., 

1999) and global temperatures make a full transition from glacial to interglacial levels (e.g. Caillon et al., 2003). Several 45 

possible orbital-insolation triggers have been described to initiate and sustain glacial Terminations, and feedbacks between 

ice sheet retreat, ocean circulation and ocean carbon storage are invoked to explain the unstoppable progression (Mitsui et 

al., 2022; Bengtson et al., 2021; Capron et al., 2019 and references therein).  Because of the availability of radiocarbon 

dating and the abundance of paleoclimate records from archives such as marine and ice cores, the most recent Termination 

(TI) has been the most extensively characterised (e.g. Stern and Lisiecki, 2014; Lamy et al., 2007; Denton et al., 2010; Lea et 50 

al., 2003; Barker and Knorr, 2021). Yet, it is widely discussed whether this sequence of feedbacks and millennial events, and 

rate of warming is recurrent over previous Terminations or is unique (e.g. Cheng et al., 2009; Barker and Knorr, 2021). 

Beyond the limit of radiocarbon dating, the chronologies of climate records from ice cores, deep ocean and lake sediments 

are often developed by tuning to orbital parameters which limits their use in understanding climate dynamics, particularly the 

response of the climate system to orbital forcing and the rates of response in the climate system (e.g. Lisiecki and Raymo, 55 

2007; Raymo et al., 2006; Kawamura et al., 2007).  

 

Speleothems provide absolute age control and high-resolution proxy measurements, with speleothems from a few cave 

regions covering multiple Terminations (Cheng et al., 2009, 2016b). In addition, the emerging field of band-counting 

speleothem confocal layers provides precise estimates of rates and durations in some settings (Stoll et al., 2022; Dong et al., 60 

2022). The speleothem archive therefore provides unique records of climate change across Terminations, and additionally, 

may provide the opportunity to tune the chronology of ice and marine core archives. In order to do this, proxies for a 

common climate parameter or forcing have to be identified in both the speleothem and the marine/ice core records.  For 

example, over TII, previous efforts have proposed a common regional sea surface temperature signal in marine records and a 

rainfall amount signal in speleothem δ18O in western Italy (Drysdale et al., 2009), or a common surface ocean freshwater 65 
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signal in surface ocean δ18O or δ18Oseawater and speleothem δ18O (Grant et al., 2012; Stoll et al., 2022).  Long distance correlations 

between North Atlantic ice-rafted debris events and δ18O anomalies in East Asian speleothem records have been proposed to 

tune North Atlantic marine records (e.g. Hobart et al., 2023). While such tuning approaches are promising, confidently 

extending speleothem tuning across multiple Terminations and precisely tuning millennial events across Terminations 

requires robust proxy interpretations across multiple archives and would be optimally further supported by modelling 70 

studies.   

 

A challenge in speleothem records is that unlike proxies in other archives like marine or ice cores, the climatic interpretation 

of a given proxy can vary quite significantly among different regions. δ18O is the most ubiquitously measured and interpreted 

proxy in speleothems. In addition to δ18O, speleothem climate signals are encoded in a number of other proxies like δ13C and 75 

trace element ratios of Mg/Ca and Sr/Ca. Speleothem δ18O records a very diverse set of climate influences in different 

environments, including: freshening of adjacent water bodies constituting the moisture source in the North Iberian and Black 

Sea regions (e.g Stoll et al., 2022; Badertscher et al., 2011), change in the dominant source of moisture in Northern Europe 

and North America (e.g. Cheng et al., 2016a, 2019), and change in temperatures in high altitude sites of Northern Europe and 

North America (e.g. Koltai et al., 2017; Lachniet et al., 2014), as well as aspects of the hydrological cycle including 80 

monsoon processes in Asia and South America (e.g. Cheng et al., 2013; Kathayat et al., 2016). Speleothem carbon isotopes 

are measured together with oxygen isotopes but are published less often and can have ambiguous interpretations, but in non-

water limited mid-latitude regions may dominantly reflect temperature (Lechleitner et al., 2021; Stoll et al., 2023; Genty et 

al., 2001). In addition, the speleothem trace element proxy ‘tool-box’ has seen rapid evolution over the last two decades and 

provides valuable ways of independently reconstructing past climate and environmental parameters, as well as increasing our 85 

understanding of the signals encoded in the measured oxygen and carbon isotopes (Fairchild and Treble, 2009). For example, 

speleothem δ13C values can further be impacted by the process of ‘degassing’ in the karst voids and the cave environment 

prior to the drip precipitating on the surface of the stalagmite (Fairchild et al., 2000). This is called prior calcite precipitation, 

and the speleothem trace element proxy Mg/Ca can be used to estimate the impact of prior calcite precipitation on 

speleothem δ13C to reconstruct the temperature-sensitive ‘initial’ (‘corrected’) δ13C of drip waters (Stoll et al., 2023).  90 

 

There has been an ongoing discussion in the community that speleothem records with their chronological powers, and 

ubiquitously measured high resolution δ18O proxy measurements, would be able to provide a more evolved understanding of 

the manifestation of Terminations in terrestrial regions, that are not covered by the more typical Termination records from 

marine and ice cores. In addition, the strength of the speleothem chronology could be extended to the marine and ice core 95 

records to better track forcings and responses during Terminations across the global climate system. However, so far, there 

has not been a systematic review of which speleothem records are available, their age control, or our current understanding 

of their climatic interpretations. There has also not been a targeted identification of gaps or most fruitful directions of future 

research to increase our understanding of Terminations using this speleothem-based approach. The Past Global Changes -  
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Speleothem Isotope Synthesis and AnaLysis i.e. PAGES-SISAL global speleothem database versions developed by the 100 

PAGES-SISAL working group (Atsawawaranunt et al., 2018b; Comas-Bru et al., 2019, 2020b; Kaushal et al., 2024b; 

Atsawawaranunt et al., 2018a, 2019; Comas-Bru et al., 2020a; Kaushal et al., 2024a) allow us to easily, and more 

objectively, perform such a review.  

 

In this review paper, we therefore synthesise the available speleothem records providing high resolution climate information 105 

for Terminations: TII, TIIIA, TIII, TIV and TV. We first describe the aspect of the climate system encoded in records from 

different regions and systems. For some records in which the ice volume effect on seawater δ18O is a significant portion of 

the signal, we examine the options and effects of different ice volume corrections on the final climate proxy record. Then, 

for each Termination, we evaluate whether there are consistent leads and lags in the manifestation of Terminations across 

different aspects of the climate systems and different regions as tracked by speleothem proxy records. We briefly compare 110 

the sequence of events across the different Terminations. And finally, considering the most up-to-date interpretation of what 

climate signals are encoded by speleothem proxies in different regions, we provide future directions for speleothem records 

covering Terminations, briefly speculate on suitable tuning targets among marine and ice core proxies, and discuss what 

model outputs may be most suitable for comparison.   

2 Stalagmite records and data processing 115 

2.1 Criteria and compilation of records 

Nearly all the speleothem records for this study have been taken from the latest PAGES-SISAL database version i.e. 

SISALv3 database (Kaushal et al., 2024a, b). Since this Terminations project was undertaken parallel to building SISALv3 

database, a special effort was made to ensure that records covering Terminations have been added to the database from 

publications and repositories. Only single speleothem records have been used. We have not used any composite records in 120 

this study.  

 

Once SISALv3 was built, a search was made of SISALv3 for records covering the periods of interest, which generally 

follow past work on Terminations by (Cheng et al., 2009) and (Cheng et al., 2016b), encompassing TII (140,000 to 120,000 

y BP), TIIIA (230,000 to 210,000 y BP), TIII (258,000 to 238,000 y BP), TIV (350,000 to 330,000 y BP), and TV (440,000 125 

to 420,000 y BP).  

 

In representing records graphically, we first illustrate the caloric summer half-year insolation for each Termination following 

(Tzedakis et al., 2017), and then we arrange the speleothem records in a series of geographical regions, namely, South 

Europe, North Europe, North America, Central Asia, Indian Summer Monsoon (ISM), East Asian Summer Monsoon 130 
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(EASM), Southeast Asian Monsoon (SE Asia), and South American Monsoon. Rather than strict latitude-longitude 

boundaries, these geographical regions have been divided based on the dominant control on speleothem oxygen isotopes 

within loose latitude-longitude boundaries. South Europe (and the Middle East) include records with the δ18O signal 

dominated by surface ocean δ18O or the hydrological balance, contrasting with North Europe which mainly includes the 

alpine records with strong temperature dependency of meteoric precipitation on oxygen isotopes. North American Lehman 135 

cave oxygen isotopes similarly record temperature dependency of meteoric precipitation while the Buckeye Creek cave 

records encode information of the dominant season (source) of precipitation that varies between glacial and interglacial 

times. The Central Asian records are located far inland and are influenced by the Westerlies and record supra-regional 

atmospheric circulation changes. The monsoon records in the ISM, EASM, SE Asian and South American regions are 

largely driven by Rayleigh distillation effects. Section 3 covers the interpretation of oxygen isotopes in further detail. For 140 

European records, where robust carbon isotope interpretations are available, and provide additional information on 

Terminations, we also discuss the δ13C and Mg/Ca records. While δ18O and δ13C provide information on the timing 

temperature change, absolute temperature change can only be reconstructed from other proxies such as fluid inclusions. Such 

proxy records are few in number, of lower resolution and are not yet included in the SISAL database versions. These records 

are only briefly summarized in Section 3.3.  145 

 

All records covering the periods of interest and within each geographical region were plotted and examined. Sub-aqueous 

speleothems have not been considered further due to the added uncertainty in their U-Th age control and oxygen isotopic 

interpretations (namely the Devil’s Hole records and one of the Corchia cave records). Among the remaining records, the 

main manuscript map (Fig. 1), time series plots (Fig. 2) and table (Table 1) prioritise the records that cover the longest time 150 

period, with the highest sampling resolution, with the largest number of U-Th dates, and lowest errors in age-depth models 

covering the period of interest. The different criteria listed above have been taken on balance and records that may be nearly 

as good have been given in the ssupplementary information figures and table. Remaining records that very partially cover the 

period of interest and/or are of very low resolution in a way that they give no additional information on the Termination have 

not been considered further within the main manuscript although a few records have been plotted in supplementary 155 

information (Supp.  Figs. 1, 2 and Supp. Table 1). Where author generated age-depth models have uncertainty 

measurements, these have been preferred. Where author generated age-depth models are not available in SISALv3, then 

SISAL generated age models in COPRA/Bchron/Bacon (in that order) have been used. Composite records such as 

Soreq_composite and PEK_composite do not have author generated age-depth model uncertainties and these cannot be 

generated by automated scripts typically used by the SISAL working group. Such composite records have been shown in 160 

supplementary information figures. Although the SISAL working group have made an effort to provide standardised age-

depth chronologies for all speleothems in the database, not all speleothems produced realisations for all age models (further 

details can be found in the related publications, see (Comas-Bru et al., 2020b; Amirnezhad-Mozhdehi and Comas-Bru, 2019; 

Rehfeld et al., 2020; Rehfeld and Bühler, 2024). In one case, the SE Asian Green Cathedral cave record (namely Meckler et 
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al., 2012), the age-depth model has been requested directly from the author, since this record proved to be challenging for 165 

dating, doesn’t have author-generated age uncertainties in SISALv3, and is not amenable for standardised age-depth model 

creation. The SE Asian Abadi cave record was published after the SISALv3 database was closed for submissions, and has 

been added directly to this study. The Sanbao cave SB11 record δ18O data points between 228,000-226,000 y BP have been 

added from NCEI-NOAA, the remaining data points are taken from SISALv3. All speleothems, other than the Crovassa 

Azurra record, considered in this study are composed of calcite. Crovassa Azurra has a mixed mineralogy (dominantly 170 

composed of aragonite), where the mineralogy of each oxygen isotopic sub-sample has been provided in SISALv3, the 

stalagmite from this cave has been plotted in the supplementary information of this manuscript, and no change has been 

made to the oxygen isotopic measurement in response to the change in mineralogy. Under equilibrium conditions, aragonite 

is calculated to have  δ18O values that are 0.8 per mille more enriched than calcite at 250 C (Kim et al., 2007). 

 175 

Table 1: Details of speleothem records covering Terminations. 

 

region 
site 

name 
latitu

de 
longitu

de 
elevati
on (m) 

entity 
name 

age 
model 

data 
source citation 

primary 
interpretati

on 

secondary 
interpretati

on 
comments 

Termination II 

South 
Europe Corchia 

43.983
3 10.2167 840 CC-5_2018 

SISAL-
Bchron SISALv3 

(Tzedakis 
et al., 
2018) 

rainfall 
amount 

source water 
composition 

 

 La Vallina 
43.410

0 -4.8067 70 Garth 

author-
mixed 

Bchron SISALv3 
(Stoll et al., 

2022) 

source water 
composition 

temperature 
dependency 
of meteoric 
precipitation 

confocal 
band 
counting 

North 
Europe Abaliget 

46.133
3 18.1167 209 ABA_1 

author-
StalAge SISALv3 

 (Koltai et 
al., 2017) 

temperature 
dependency 
of meteoric 
precipitation 

source water 
composition 

flowstone; 
author 
generated 
age model 
uses both 
cores to 
create 
master 
chronology 
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North 
Americ

a 
Lehman 

caves 
39.010

0 

-
114.220

0 2080 LMC-14 
SISAL-
copRa SISALv3 

(Lachniet 
et al., 
2014) 

temperature 
dependency 
of meteoric 
precipitation 

change in 
moisture 
source 
latitude 

 

     LMC-21 
SISAL-
copRa SISALv3 

(Lachniet 
et al., 
2014) 

temperature 
dependency 
of meteoric 
precipitation 

change in 
moisture 
source 
latitude 

 

     LC-2 
SISAL-
Bchron SISALv3 

(Shakun et 
al., 2011) 

   

Central 
Asia 

Tonnelna
ya 

38.400
0 67.2300 3226 TON-1 

SISAL-
copRa SISALv3 

(Cheng et 
al., 2016a) 

large-scale 
circulation 
and supra-
regional 
climate 

change in 
moisture 
transport 
trajectory 
and linked 
seasonality 

temperature 
effect on 
calcite 
precipitation 

ISM Bittoo 
30.790

3 77.7764 3000 BT-2.3 
SISAL-
copRa SISALv3 

(Kathayat 
et al., 
2016)  

large-scale 
circulation; 
moisture 
transport 
history 

  

 
Xiaobailo

ng 
24.200

0 
103.360

0 1500 XBL-26 
SISAL-
copRa SISALv3 

(Cai et al., 
2015)  

rainfall 
amount 

  

EASM Dongge 
25.283

3 
108.083

3 680 
D4_2005_Ke

lly 
author-
unknow SISALv3 

(Kelly et 
al., 2006) 

change in 
seasonality 

upstream 
rainout 
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n 

 Hulu 
32.500

0 
119.170

0 86 MSX 
SISAL-
BChron SISALv3 

(Cheng et 
al., 2006)  

oxygen 
isotopes of 
meteoric 
precipitation 

summer to 
winter 
precipitation 
intensity 

 

South 
Americ

a Diamante 
-

5.7300 
-

77.5000 960 NAR-C 
sisal-

Bchron SISALv3 
(Cheng et 
al., 2013) 

rainfall 
amount 

upstream 
rainout  

Amazon 
recycled 
moisture 
more 
positive than 
distal ocean 
source 

Termination IIIA 

South 
Europe Sofular 

41.416
7 31.9333 440 SO-4 

SISAL-
Bchron SISALv3 

(Badertsch
er et al., 
2011)  

source water 
composition 

 

more 
negative 
from 
Caspian Sea 
with melt 
waters, 
more 
positive 
from 
Mediterrane
an  

North 
Europe 

Spannage
l 

47.080
0 11.6700 2310 

SPA121_20
21 

author-
OxcCal SISALv3 

(Wendt et 
al., 2021)  

local winter 
temperature 

change in 
moisture 
transport 
trajectory 

source water 
composition 
indicated by 
a possible 
short melt 
water pulse 
excursion 

North 
Americ

a 
Buckeye 

Creek 
37.980

0 
-

80.4000 600 BCC-9 
SISAL-
copRa SISALv3 

(Cheng et 
al., 2019)  

change in 
seasonality 
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Central 
Asia Kesang 

42.870
0 81.7500 2000 KS06-A 

author-
linear 

between 
dates SISALv3 

(Cheng et 
al., 2016a) 

large-scale 
circulation 
and supra-
regional 
climate 

change in 
moisture 
transport 
trajectory 
and linked 
seasonality 

temperature 
effect on 
calcite 
precipitation 

EASM Dongge 
25.283

3 
108.083

3 680 D8 
SISAL-
copRa SISALv3 

(Kelly et 
al., 2006) 

change in 
seasonality 

upstream 
rainout 

 

 Sanbao 
31.667

0 
110.433

3 1900 SB11 

228-226 
ka 

author-
linear 

between 
dates; 

remaini
ng 

SISAL-
copRa 

228-226 
ka NCEI-
NOAA; 

remainin
g 

SISALv3 
(Cheng et 

al., 2016b)  

upstream 
rainout 

change in 
seasonality 

 

     SB61 

author-
linear 

between 
dates SISALv3 

(Cheng et 
al., 2016b) 

upstream 
rainout 

change in 
seasonality 

 

SE Asia Abadi 
-

5.0000 
119.700

0 300 AC-11-06 

author-
Bacon 
and tie 
points 

publicati
on 

(Kimbroug
h et al., 
2023) 

rainfall 
amount 

  

South 
Americ

a Diamante 
-

5.7300 
-

77.5000 960 NAR-D 
SISAL-
copRa SISALv3 

(Cheng et 
al., 2013) 

rainfall 
amount 

upstream 
rainout 

Amazon 
recycled 
moisture 
more 
positive than 
distal ocean 
source 
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     NAR-F 
SISAL-
Bchron SISALv3 

(Cheng et 
al., 2013) 

rainfall 
amount 

upstream 
rainout 

Amazon 
recycled 
moisture 
more 
positive than 
distal ocean 
source 

Termination III 

South 
Europe Ejulve 

40.760
0 -0.5900 1240 ARTEMISA 

author-
mixed 

StalAge SISALv3 

(Pérez-
Mejías et 
al., 2017) 

temperature 
change: not 
specified 

source water 
composition 

record 
focuses on 
δ13C as proxy 
for dry 
conditions 

North 
Europe 

Spannage
l 

47.080
0 11.6700 2310 

SPA121_20
21 

author-
OxcCal SISALv3 

(Wendt et 
al., 2021) 

local winter 
temperature 

change in 
moisture 
transport 
trajectory 

source water 
composition 
indicated by 
a possible 
short melt 
water pulse 
excursion  

North 
Americ

a 
Buckeye 

Creek 
37.980

0 
-

80.4000 600 BCC-9 
SISAL-
copRa SISALv3 

(Cheng et 
al., 2019) 

change in 
seasonality 

  

Central 
Asia Kesang 

42.870
0 81.7500 2000 KS08-1 

SISAL-
copRa SISALv3 

(Cheng et 
al., 2016a) 

large-scale 
circulation 
and supra-
regional 
climate 

change in 
moisture 
transport 
trajectory 
and linked 
seasonality 

temperature 
effect on 
calcite 
precipitation 

ISM 
Xiaobailo

ng 
24.200

0 
103.360

0 1500 XBL-26 
SISAL-
copRa SISALv3 

(Cai et al., 
2015) 

rainfall 
amount 
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EASM Sanbao 
31.667

0 
110.433

3 1900 SB61 
SISAL-
copRa SISALv3 

(Cheng et 
al., 2016b) 

upstream 
rainout 

change in 
seasonality 

 

SE Asia 
Green 

Cathedral 4.2333 
114.925

0 569 GC08 
author-
StalAge author 

(Meckler 
et al., 
2012) 

source 
composition; 
change in 
pathway, 
regional 
rainfall 
amount 

land 
exposure 

large U/Th 
error 
associated 
with open 
conditions; 
ITCZ moving 
South 

Termination IV 

EASM Sanbao 
31.667

0 
110.433

3 1900 SB61 

author-
linear 

between 
dates SISALv3 

(Cheng et 
al., 2016b) 

upstream 
rainout 

change in 
seasonality 

 

SE Asia Abadi 
-

5.0000 
119.700

0 300 AC-09-04 

author-
Bacon 
and tie 
points 

publicati
on 

(Kimbroug
h et al., 
2023) 

rainfall 
amount 

  

Termination V 

EASM Sanbao 
31.667

0 
110.433

3 1900 SB-14 
SISAL-
Bacon SISALv3 

(Cheng et 
al., 2016b) 

upstream 
rainout 

change in 
seasonality 
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Southea
st Asia 

Green 
Cathedral 4.2333 

114.925
0 569 GC08 

author-
StalAge author 

(Meckler 
et al., 
2012) 

source 
composition; 
change in 
pathway, 
regional 
rainfall 
amount 

land 
exposure 

large U/Th 
error 
associated 
with open 
conditions; 
ITCZ moving 
South 
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180 

 
Figure 1: Maps showing locations of cave sites with speleothem records covering Terminations II, IIIA, III, IV and V respectively. 
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 185 
Figure 2: Ages covering Terminations are plotted against oxygen isotopic measurements. Age-depth model uncertainties, U-Th 

dates and dating uncertainties have also been plotted. Insolation curve is the summer half year caloric insolation as provided in 

Tzedakis et al, 2017. Further record information can be found in Table 1. Record locations are plotted in the maps in Figure 1. 

[precip = precipitation; temp = temperature; N Eu = North Europe; S Eu = South Europe; N Am = North America; C As = 

Central Asia; ISM = Indian Summer Monsoon; EASM = East Asian Summer Monsoon; SE Asia = Southeast Asia; S Am = South 190 
America] 

2.2 Accounting for ice volume effects in speleothem oxygen isotope records 

The shrinking of global ice sheets across glacial Terminations leads to the release of the isotopically negative freshwater in 

ice sheets back into the ocean, leading to a negative shift in the average δ18Oseawater estimated at 1 to 1.3 ‰ (Duplessy et al., 

2002; Adkins et al., 2002; Schrag et al., 2002, 1996). Most of the glacial meltwater during Terminations is released by North 195 

Atlantic ice sheets directly into the surface North Atlantic ocean and adjacent marginal seas, and is subsequently mixed into 

the deep North Atlantic by convection and circulated throughout the global surface and deep ocean (Jackson and Wood, 

2018). Radiocarbon tracers and modelling of the last deglaciation suggest the deglacial δ18Oseawater signal reaches the deep and 

surface Pacific ocean with a 1,000 to 3,000 year lag (Duplessy et al., 1991).    

 200 

Because the surface ocean is the ultimate source for all water precipitated on land and infiltrating in caves, this change in the 

initial isotopic composition of the surface ocean during glacial Terminations is transferred to the drip water and precipitated 

stalagmites (e.g. Stoll et al., 2022). In some regions, other sources of δ18O variability significantly exceed the magnitude of 

the global ice volume effect and it can be neglected for interpretation. However, the ice volume component can be a 

significant component of the δ18O variation in some speleothem records, and it can be helpful to isolate the non-ice volume 205 
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components to clarify interpretations. Therefore we explore the consequences and uncertainties surrounding the ice volume 

correction.   

 

In order to examine the effects of this ice volume change on speleothem δ18O Termination records, a value of 0.00833 ‰ / m 

of relative sea level has been used to calculate the global average change in δ18Oseawater  with the progressive melting of ice 210 

sheets (Adkins et al., 2002; Elderfield et al., 2012; Shakun et al., 2015). For TII through TV, past sea level estimations are 

used from two types of sources. In one source type, the sea level component has been estimated from benthic δ18O and its 

chronology is based on orbital tuning; for this type, we employ the long duration curve of Spratt and Lisiecki (2016) for all 

Terminations. The Spratt & Lisiecki solution is proposed to have an uncertainty of 4,000 years in the Late Pleistocene.  As a 

second source type, we also employ a sea level curve derived from the sensitivity of Red Sea salinity to the water depth at 215 

the sill where inflow occurs. The Red Sea sea level features a chronology tuned by correlating millennial dust events in Red 

Sea to δ18O anomalies in East Asian monsoon speleothem records (Grant et al., 2014). These two records exhibit some 

differences in the amplitude and timing of sea level rise during glacial Terminations (Supp. Fig. 3).  A further benthic  δ18O-

derived curve (Waelbroeck et al., 2002) has a lower resolution than the other curves and is shown in Supplementary Figure 3 

but not used for correction of the speleothem records.  We employ the uncertainties from the original authors, which define a 220 

range of sea levels for a given age. Thus, ‘ice volume-corrected’ speleothem  δ18O records have an additional uncertainty in 

the isotope trend due to the uncertainties of the chronology from the ice volume curve.   

 

In addition to the globally distributed ice volume effect, changes in regional hydrological balance of evaporation over 

precipitation may generate additional increases or decreases in the δ18Oseawater  of the surface ocean. For example, over the last 225 

glacial Termination, paired Mg/Ca and δ18Oforam measurements indicate that the δ18Oseawater of the surface North Atlantic ocean 

experienced a larger amplitude change than the global average ocean (Waelbroeck et al., 2014). Additionally, during the 

early stages of deglaciation the δ18Oseawater of the North Atlantic changes much more than the global surface ocean because the 

North Atlantic directly receives meltwater from Northern Hemisphere ice sheets. For inland European speleothems in which 

the δ18O signal is interpreted as temperature record, and for which precipitation has a North Atlantic moisture source, it is 230 

ideal to correct for the full regional change in source water in order to deconvolve this effect from the temperature signal. At 

present this is possible for TII, by subtracting the δ18O from a coastal North Iberian Speleothem Archive (NISA) record, 

whose signal is dominated by the regional evolution of δ18Oseawater of the North Atlantic (see Stoll et al., 2022). In other regions, 

paired foraminiferal Mg/Ca and δ18Ocalcite measurements indicate that variation in the δ18Oseawater may be larger or smaller than the 

globally averaged ice volume effect (Waelbroeck et al., 2014), depending on factors such as the Inter-Tropical Convergence 235 

Zone (ITCZ) position.  We do not explicitly adjust for these variations since they generally amplify, rather than obscure, the 

hydrological signal present in the stalagmite δ18O. 
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Wherever correction for changing δ18Oseawater is implemented, the speleothem data have been binned to 1000, 250 and 125 years 

respectively to accommodate uncertainties in the speleothem chronology (Supp. Fig. 4).  The change in δ18Oseawater as a result of 240 

freshening has simply been subtracted from the speleothem δ18O in these bins. Since the uncertainty on sea level curves is 

much greater than the uncertainty on speleothem age-depth models, only the uncertainty on sea level curves has been 

considered in these plots.  

2.3 Degassing corrections for speleothem carbon-isotope based temperature records 

The speleothem δ13C record from some mid-latitude regions can also be used for temperature reconstructions (e.g. Held et al, 245 

2024). The temperature sensitivity is well documented over TI, where in coastal Northwest Iberia the NISA δ13C records vary 

inversely with regional temperature records from marine archives (Stoll et al., 2023). Multiproxy process modelling suggests 

that the correlation arises because higher temperatures increase vegetation productivity in this region, enhancing soil CO 2 

production as well as an oversupply of CO2 to karst waters, both of which result in more negative speleothem δ13C values 

(Lechleitner et al., 2021; Stoll et al., 2023, 2022). Speleothem δ13C values can further be impacted by the process of 250 

‘degassing’ in the karst and the cave environment prior to the drip precipitating on the surface of the stalagmite (Johnson et 

al., 2006; Lechleitner et al., 2021). This is called prior calcite precipitation (PCP) (Fairchild et al., 2000). Variations in the 

extent of PCP during the growth of a speleothem can alter the trends in the speleothem δ13C.  Fortunately, the speleothem 

Mg/Ca ratio can be used to quantify changes in the fraction of dripwater Ca which has been lost to PCP within a given 

speleothem. For example, intervals of high Mg/Ca ratio imply a more significant Ca loss and PCP, entailing a positive shift 255 

in the speleothem δ13C. Using speleothem Mg/Ca it is now possible to quantitatively remove the  impact of variable PCP on 

speleothem δ13C time series to reconstruct the temperature-sensitive initial variations in  δ13C of dripwaters (Stoll et al., 2023). 

Since the δ13C of dripwater acquired through the equilibration of rain water with soil gas and bedrock dissolution is what 

encodes the temperature signal and is of primary interest to us, we here ‘correct’ for the additional karst and in-cave 

influence of degassing and PCP on the δ13C value by plotting the δ13Ccorr for select records (Genty et al., 2003, 2006) (Supp. 260 

Fig. 5). Further method details can be found in Stoll et al., 2023.  

3 Speleothem records of diverse climate aspects over Terminations 

We review the climatic processes which are encoded in oxygen isotopic ratios of speleothems from different regions.   

3.1 Records of surface ocean freshening  

Changes in the δ18Oseawater of the moisture source for caves and drip waters may be the dominant signal in speleothem δ18O in 265 

some settings. The δ18O in speleothems from coastal caves in Northwest Spain (NISA) is dominantly controlled by the 

δ18Oseawater of the eastern North Atlantic, as documented in comparison with independently dated δ18Oseawater records from 

foraminifera over TI (Stoll et al., 2022).  Because of its proximity to the source of meltwater release, the δ18Oseawater of the 
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surface ocean in the North Atlantic experiences a higher amplitude change in δ18Oseawater across a glacial cycle, and may record 

transient millennial scale events in the δ18Oseawater. Over TII, NISA speleothems provide a record of the timing of deglacial 270 

freshening of the eastern North Atlantic with a δ18O amplitude of ~2.5  ‰ (Supp. Fig. 6).  Other coastal caves on the Atlantic 

margin, such as Villars Cave (Supp. Fig. 2), may also be dominated by the change in isotopic composition of the North 

Atlantic.  

 

Similarly, the δ18O in speleothems from Sofular Cave, bordering the Black Sea in Northern Turkey, is inferred to be most 275 

strongly influenced by the δ18Oseawater of the Black Sea surface waters. The Black Sea is proposed to receive direct meltwater 

runoff from the Southern Margin of the Eurasian ice sheet, leading to depleted surface water δ18O during periods of Eurasian 

ice sheet retreat with up to 10 ‰ freshening signal in the surface of the Black Sea (Wegwerth et al., 2019; Held et al., 

2024).   

 280 

In addition to ice volume meltwater effects, in some settings, changes in rainfall patterns may also lead to changes in the 

δ18Oseawater of the surface ocean moisture source. Increased local or regional precipitation relative to evaporation may lead to 

freshening and more negative δ18Oseawater of surface waters. This effect may potentially augment the tendency for hydrological 

fractionation to generate more negative rainfall δ18O with higher rainfall amounts (e.g. Breitenbach et al., 2010).  

 285 

3.2 Temperature-sensitive records from oxygen and carbon isotopes 

 
The δ18O of precipitation decreases appreciably by Rayleigh distillation with progressive rainout as moisture-laden air masses 

move inland and to higher altitudes (Dansgaard, 1954, 1964; Alley and Cuffey, 2018). Colder temperatures both increase the 

fractionation and accelerate rainout, so colder temperatures lead to decrease in the precipitation δ18O at inland, high altitude, 290 

and high latitude locations in regions with mean annual temperatures lower than about 100C (Harmon et al., 1979; Rozanski 

et al., 2013; Denton et al., 2005). Speleothem δ18O records from these regions provide information on the timing of 

temperature change, but not absolute temperatures.  

 

In the European Alps and Iberian Range, this temperature control on Rayleigh distillation leads to a dominant temperature 295 

effect on speleothem δ18O producing anomalies of ~ 3  ‰ (Supp. Fig. 7).  Consequently, records from central Europe (Sieben 

Hengste, Schneckenloch, Schafsloch, Holloch im Mahdtal, Abaliget, Spannagel) and the Iberian Range (Ejulve) exhibit 

lowest δ18O during coldest temperatures.  At the same time, since the North Atlantic is a dominant moisture source for most 

central European caves (Affolter et al., 2020), the magnitude of regional North Atlantic  δ18Oseawater change over Terminations is 

also imprinted on these records. For TII, we illustrate the signal when this regional δ18Oseawater  component is subtracted from 300 
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these records using the NISA coastal Iberian record (Supp. Fig. 4).  In contrast to the original δ18O which featured an 

apparent warm signal during TII, then cooling prior to late deglacial warming, the corrected Abaliget record features a stable 

cold glacial period until the final deglacial warming. The early deglacial warming in the Schneckenloch record is amplified 

by this correction. We further refer to these regional source-corrected trends in Section 4.1. The temperature sensitive La 

Vallina cave Garth δ13Ccorr record from the NISA coastal Iberian record, supports a two-step warming (135 ka and 129 ka 305 

respectively) where the older warming step has no corresponding data from the corrected Abaliget record but the younger 

warming step lines up with the Abaliget record. The absence of an equivalent absolute dated record of North Atlantic 

δ18Oseawater  evolution in prior Terminations precludes regional correction of temperature equivalent European records in TIII or 

older at this time, instead the global ice volume correction has been applied to these records. Similar to TII, the TIII Ejulve 

cave temperature sensitive δ13Ccorr record from the Iberian region extends the available temperature data for this Termination 310 

from Europe. 

 

Where multiple ocean moisture sources with different rainout extents contribute to precipitation over a cave site, changes in 

the relative significance of the two moisture sources may influence the δ18O of precipitation in addition to the temperature 

control.  This has been proposed for the joint Mediterranean and Atlantic sources to the Iberian Range cave systems (Pérez-315 

Mejías et al., 2017).   

 

In western North America, the δ18O record of Lehman Cave (Nevada) is also most sensitive to regional temperatures 

producing a δ18O anomaly of ~2 ‰. Isotope-enabled General Circulation Model (GCM) simulations of precipitation δ18O at 

the Last Glacial Maxima (LGM) and preindustrial reveal a net decrease in δ18Oprecip inland at the LGM, compensating for 320 

higher glacial δ18O of surface seawater. This is dominantly due to greater rainout from stronger uplift and cooling, with a 

secondary effect of greater cool season precipitation influenced by ice sheet topography and cooling of Pacific sea surface 

temperatures (Tabor et al., 2021). Given the Pacific moisture source, the global ice volume correction is the relevant one for 

accounting for isotopic changes in the ocean moisture source region, but this correction has minimal effect on the trends.  

3.3 Other temperature records 325 

 
Fluid inclusion hydrogen and oxygen isotopes, clumped isotope thermometry, ratios of Glycerol Dialkyl Glycerol 

Tetraethers (GDGTs) such as TEX86, noble gas content, and homogenization of fluid inclusions all have been employed for 

temperature reconstructions. Calibrations to absolute temperature exist for these methods based on modern observations. 

However, the larger sample sizes and/or more challenging analytical routines mean fewer data points can be measured which 330 

often additionally have reasonably large errors, and the data from these proxies are not yet available in the SISAL 
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speleothem database versions. Consequently, these records have been synthesized in a map (Fig. 3) and a table (Table 2) 

rather than plotting on time series axes.  

 

Over TII, these records include the Schrattenkarst (Wilcox et al, 2020) and the Hungarian caves temperature reconstruction 335 

(Demény et al., 2021) using fluid inclusion hydrogen isotopes, which suggests a temperature increase of 4.8 (+/- 1.9) and 7.4 

(+/- 1.6) 0C respectively. The Villars cave record which is located much closer to the coast suggests a higher temperature 

increase of 15  (+/- 1.9) 0C using a combination of fluid inclusion oxygen isotopes and clumped isotope thermometry 

(Wainer et al., 2011). The South Europe, Soreq (Matthews et al., 2021) and Pentadactylos (Nehme et al., 2020) temperature 

records have similarly been reconstructed using fluid inclusion oxygen isotopes and clumped isotope thermometry and show 340 

similarly higher temperature increases of 10 (+/- 2) and 150C (+/- 2.7) respectively over TII. The Jiangjun cave record from 

the EASM region has been reconstructed using TEX86 and shows a moderate temperature increase of 4.1 (+/- 0.5) 0C 

(Wassenburg et al., 2021). For this Termination, the records suggest that temperature increase is highest in speleothem 

records along the Atlantic and Mediterranean coasts and the temperature progressively decreases into the Alps, and into the 

EASM region.  345 

 

For the older Terminations, very few such speleothem temperature records are available. The Hungarian caves study 

(Demény et al., 2021) suggests that unlike TII there was limited temperature variability during TIII. The SE Asian 

Whiterock cave temperature study (Meckler et al., 2015) compares a number of different reconstruction methods (see Table 

2) to provide a moderate temperature increase of 3.5 (+/- 1)0C over TV.   350 

 

Table 2: Table giving information of speleothem temperature records covering Terminations using methods such as fluid inclusion 

hydrogen and oxygen isotopes, clumped isotope thermometry, ratios of Glycerol Dialkyl Glycerol Tetraethers (GDGTs) such as 

TEX86, noble gas content, and homogenization of fluid inclusions.  

 355 

Site name Entity name Termination Glacial 
temperature 

Interglacial 
temperature 

Method Citation Comment 

Hungarian 
caves 
(Abaliget, 
Baradla, Beke, 
Ajandek) 

ZEP, BAR-II, 
BNT-2, AJ-1, 
ABA-1, ABA-2 

TII 2.8 (+/- 1.6)  10.2 (+/- 1.6) Fluid inclusion 
hydrogen 
isotopes  

(Demény et 
al., 2021) 

For this study, 3 
lowest and 3 highest 
temperatures in the 
time period from 
140000 to 120000 
were averaged to give 
the glacial and 
interglacial 
temperatures 
respectively. 

TIII 7.5  (+/- 1.6) Little temperature 
variability  between 
250 ky BP  to 230 ky 
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BP. The average of all 
measurements is 
given here. 

Schrattenkarst M37-1-23A, 
M37-1-16C, 
M37-1-16A, 
M6-73-3 

TII 1.5 (+/- 0.5) 5.8(+/-1.4) Fluid inclusion 
hydrogen 
isotopes 

(Wilcox et al., 
2020)  

Glacial temperature 
estimated from Fig. 2 
in the publication  and 
taken as the one at 
131 ky BP. Interglacial 
temperature 
calculated based on 
value above glacial as 
stated in the 
publication. 

Villars Vil-car-1 TII 5.5 or 7.9(+/- 
1.9) 

18.9 or 22.9 
(+/- 1.9) 

Fluid inclusion 
oxygen isotopes, 
clumped isotopes 
and modern 
observations. 

(Wainer et 
al., 2011)  

Values as given in the 
conclusion of the 
paper. 

Soreq Soreq 
speleothems 

TII 10-12(+/-2) 20-22(+/-2) Fluid inclusion 
oxygen 
isotopes  and 
clumped isotope 
thermometry. 

(Matthews et 
al., 2021)  

Values as given in the 
abstract and 
conclusion of the 
paper. Errors 
estimated from Fig. 8b 
of the paper. 

Pentadactylos Pentadactylos 
(Penta-1 and 
Penta-2) 

TII 14.7(+/-2.7) 30.6(+/-2.7) Fluid inclusion 
oxygen 
isotopes  and 
clumped isotope 
thermometry. 

(Nehme et 
al., 2020)  

Coldest values from 
~141-127 ky BP as 
given in the 
publication 
considered to be 
glacial values. Value 
for 127 ka as given in 
the publication 
considered to be the 
interglacial value.  

Jiangjun JJ0403, JJ0406 TII 15.7(+/-0.5) 19.8(+/-0.5) TEX86 (Wassenburg 
et al., 2021)  

For this study, 3 
lowest and 3 highest 
temperatures in the 
time period from 140 
to 120 ky BP were 
averaged to give the 
glacial and interglacial 
temperatures 
respectively. 

Whiterock WR5 TV 19(+/-1) 22.5(+/-1) Average of several 
methods: noble 
gas, clumped 
isotope, 
homogenization 
temperature, fluid 
inclusion oxygen, 
and fluid 
inclusion 
hydrogen 
isotopes 

(Meckler et 
al., 2015)  

Temperatures and 
errors for the period 
from 440 to 420 ky BP 
estimated from Fig. 9 
of the paper.  
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Figure 3: Map showing locations of cave sites with speleothem temperature records covering Terminations using methods such as 

degassing corrected δ13C, fluid inclusion hydrogen and oxygen isotopes, clumped isotope thermometry, ratios of Glycerol Dialkyl 360 
Glycerol Tetraethers (GDGTs) such as TEX86, noble gas content, and homogenization of fluid inclusions.  

 

In some mid-latitude regions, speleothem carbon isotopes effectively provide information of the timing of temperature 

changes at identical temporal resolution to oxygen isotope records (Section 2.3). The initial, temperature-sensitive δ13Cinit  has 

been constructed for the NISA record covering TII and the Iberian Range Ejulve cave record covering TIII. The figures with 365 

δ13Ccorr  anomalies ranging from 2 to 4 ‰  suggest an initial temperature decrease at the onset of both TII and TIII, and multiple 

steps in the warming, capturing millennial features. In TIII, the δ13Ccorr  record indicates progressive warming coincident with 

rising insolation. 

3.4 Records of hydroclimate 

3.4.1 Monsoon regions 370 

 
The oxygen isotopic composition of speleothems from the monsoon regions (ISM, EASM, SE Asian and South American) 

provides a powerful indicator of monsoon variability at orbital timescales (e.g. Cheng et al., 2009; Kathayat et al., 2016; 

Carolin et al., 2016). Monsoon regions have yielded many speleothems with high amplitude oxygen isotopic anomalies (2-5 

‰) and excellent age control (Supp. Fig. 8). Where the signal amplitude is small, ~2 ‰, for example in the case of South 375 

American and SE Asian monsoon records, the impact of ice volume correction on speleothem δ18O decreases the glacial-

interglacial hydrological signal magnitude by ~0.5-1 ‰.   
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While large amplitude orbital changes in δ18O precipitation can be confidently inferred in many monsoon systems, relating 

the δ18O variability to specific climatic parameters such as rainfall amount, rainfall seasonality, or moisture source in the 380 

different monsoon regions has been more complicated. Multiple processes may affect the δ18O of rainfall and dripwater, 

including the ocean moisture source isotopic ratio, and the temperature and humidity in the moisture source region, the 

degree of moisture recycling over land (re-evaporation) and mixing (Gat, 1996; Maher, 2008), Rayleigh distillation during 

progressive rainout between the source and the cave location where the moisture carrying capacity of air parcels is dependent 

on temperature (Dansgaard, 1964), seasonality of precipitation (e.g. Chiang et al., 2020) and the intensity of deep convection 385 

(Risi et al., 2008).   

 

In the ISM and EASM systems, the high amplitude oxygen isotopic anomalies suggest that the main driving factor is 

changes in the isotopic composition of rainfall, rather than glacial-interglacial cave temperature changes. This has been 

confirmed in examples where oxygen isotope ratio or hydrogen isotope ratio of fluid inclusions have been measured directly, 390 

removing the influence of temperature which affects the speleothem calcite  δ18O (Meckler et al., 2015; Wassenburg et al., 

2021). At the eastern extremity of ISM region, fluid inclusions indicate that drip water decreased in  δ18O by 4-5  ‰ over the 

deglaciation of TII as a consequence of the hydrological factors discussed above (Wassenburg et al., 2021), and independent 

measurements confirm temperatures shifts contributed only ~2  ‰ change in oxygen isotopic variability of the 

speleothems. In the large amplitude ISM and EASM termination signals, the ice volume correction is a very small fraction of 395 

the signal.    

 

To first order, the lower speleothem δ18O in EASM and ISM during interglacials reflect higher temperatures in interglacial 

times which increases the moisture carrying capacity of air parcels and resulting increase in rainout upstream of the cave 

region and in the cave region itself (Liu et al., 2014), enhanced by changing internal monsoon dynamics  (Sinha et al., 2015). 400 

Over the Holocene, both the ISM and the EASM show a lagged response to increasing insolation which is thought to be due 

to the presence of ice sheets in the early Holocene (Zhang et al., 2019). Isotope-enabled general circulation simulations 

suggest that persistence of wet conditions are thought to reflect the role of land surface and ocean feedbacks in sustaining 

regional monsoons (e.g. Dallmeyer et al., 2010; Zhao and Harrison, 2012). Parker et al., 2021 observe a similar lagged 

response and persistent wetness across TI. Similarly over TI Pausata et al., (2011) and He et al., (2021) suggest that the more 405 

negative interglacial δ18Oprecip in the ISM domain are dominantly driven by the isotope amount effect of enhanced deep 

convection.  In contrast, the dominant driver of the more negative EASM  δ18Oprecip is the increased rainout along the moisture 

pathway between the Indian Ocean and the EASM region. In models, the coherent pattern of lower interglacial speleothem 

δ18O in the ISM and EASM regions is reflective of continental-scale hydroclimate response marked not by uniform increase 

in amount of precipitation, but rather by intensified convection and rainfall over the ISM, and a northward-shifted Westerly 410 

jet leading to increased rainfall in the northern EASM but reduced rainfall in the southern EASM (He et al., 2021). Models 
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also suggest that periods of  weakened Atlantic Meridional Overturning Circulation (AMOC) cause a coherent positive δ18O 

anomaly across the ISM and EASM region due to decreased convection over the ISM and decreased rainout between the 

Indian Ocean and the EASM domain with a southward shifted Westerly jet.     

 415 

Similar to the ISM region, and the northern EASM region, the SE Asian speleothem records shift to more negative δ18O 

values which are representative of wetter conditions and circulation changes during interglacials (Meckler et al., 2012; 

Parker et al., 2021; Kimbrough et al., 2023). These records are from small islands near the equator. In this setting, the glacial 

interglacial temperature changes have been found to be in the range of 4-50C (Meckler et al., 2015) which given a 2 ‰ 

change in speleothem δ18O, suggests only about a 1 ‰ change in drip water (and fluid inclusion) δ18O. The depleted values 420 

during glacial times may partially result from increased land exposure counteracting the impact of more positive 

seawater δ18O values from glacial enrichment at source (Meckler et al., 2012). Since the Green Cathedral cave records are 

located ~50 North of the equator while the Abadi cave records are located ~50 South of the equator, the records suggest that 

during glacial times, the tropical rainbelt was shifted even further below 50 South and/or that there was a significant reduction 

in convection over the Indo-Pacific Warm Pool (IPWP) in turn driven by changes in land mass configurations (DiNezio and 425 

Tierney, 2013; Di Nezio et al., 2016; Du et al., 2021). During Heinrich Stadial 1, for example, the slowdown of the AMOC 

resulted in drying over the IPWP (Buckingham et al., 2022). Some modelling results show a reduction in rainfall in the mid-

Holocene but this is less than would have been expected in the absence of Indian Ocean feedback. This region may be 

sensitive to sea surface temperatures (SSTs) in the Indian Ocean and South China Sea regions which are in turn modulated 

by Northern Hemisphere winter temperatures (Zhao and Harrison, 2012). 430 

 

In South America, the moisture at the Diamante cave site is sourced from the tropical Atlantic. The air parcels travel over the 

Amazon incorporating recycled moisture while travelling westward toward the Andes (Cheng et al., 2013). The west 

Amazon Diamante cave record shows a smaller amplitude change (~2‰) to increased δ18O thought to reflect a shift from 

relatively wet to moderately dry conditions during the interglacial. The impact of ice volume correction on speleothem δ18O 435 

dampens the glacial anomaly resulting in a decreased glacial-interglacial hydrological signal magnitude by ~0.5-1 ‰. The 

dominant moisture delivered to the west Amazonian site is thought to be recycled transpiration water from the Amazon basin 

(25-60% based on different moisture-tagging studies) which is a non-fractionating process, so that the actual rainfall 

decrease at the west Amazonian site may be even lesser than suggested by the δ18O change (Cheng et al., 2013).  

3.4.2 Non-monsoon regions  440 

 
Hydroclimate is also inferred to be the dominant control on speleothem δ18O variability in non-monsoon regions in Central 

Asia, parts of southern European and the Middle East. The oxygen isotope variability of Central Asian records is controlled 
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by the north-south movement of the Westerly Jet which controls moisture source location with warm periods corresponding 

to longer transport pathways and lighter δ18O values (Supp. Fig. 9) (Liu et al., 2015).  445 

 

In western Italy, warmer sea surface and air temperatures during interglacials are believed to promote greater rainfall leading 

to more depleted speleothem δ18O values reflected by a δ18O anomaly of ~3  ‰ (Drysdale et al., 2009). Over Terminations, 

the western Italy Corchia cave record is also affected by changes in the δ18Oseawater of the North Atlantic as well as western 

Mediterranean which are the dominant moisture sources.  Over TII, the removal of the regional eastern North Atlantic δ18O 450 

variation (from NISA Garth  record) provides a pattern of enhanced interglacial rainfall compared to glacial reflected by a 

δ18O anomaly of ~3  ‰, but a notable millennial-scale anomaly of 2 ‰ suggesting a transient period of extreme aridity at the 

onset of the Termination.   

 

The Middle Eastern stalagmite δ18O records from Soreq, Jerusalem West and Peqiin caves (Supp. Fig. 2) reflect changes in 455 

precipitation amount, more depleted δ18O values suggesting increased precipitation during interglacial times (Bar-Matthews 

et al., 2003 and references therein). An additional source water composition effect has also been suggested with evaporation 

in the semi-closed Mediterranean amplifying the melt-water signal (Frumkin et al., 1999). 

 

In eastern North America, the δ18O record of Buckeye Creek Cave is thought to reflect the annual balance of moisture 460 

between Gulf of Mexico or continent sourced heavier δ18Oprecip during the summer, and Pacific sourced lighter δ18Oprecip during the 

winter (Supp. Fig. 10). A similar mechanism is thought to play out on longer glacial-interglacial timescales with glacial 

times of more light δ18Oprecip Pacific moisture transport and interglacial timescales of more heavy Gulf of Mexico/continental 

moisture transport (Hardt et al., 2010; Cheng et al., 2019). The amplitude of the signal is small ~ 1-2   ‰ and the signal is 

further dampened by ice volume corrections. The ice volume corrected Buckeye Creek record suggests an earlier and more 465 

continuous return to glacial conditions at the end of TIIIA. 

4  Sequence of climate changes during Terminations as tracked by speleothem records 

 
The diverse aspects of climate recorded by available speleothem records allow us to evaluate if such aspects of the climate 

system change simultaneously or in succession across the Termination given the uncertainty in the individual speleothem 470 

chronologies. In cases where the ice volume effects have minimal impact on the timing of events (as previously detailed in 

Section 3), the original records without ice volume correction have been plotted in order to preserve the high resolution of 

the original records which are relevant to discussing the timing and sequence of events over the Terminations. 

 

https://doi.org/10.5194/cp-2024-37
Preprint. Discussion started: 23 May 2024
c© Author(s) 2024. CC BY 4.0 License.



27 

 

4.1 Termination II 475 

 
The onset of increased insolation is seen by 137,000 years BP (Fig. 4). The first manifestation of TII in speleothems is the 

freshening in the North Atlantic from the NISA (La Vallina cave – Garth record) record at 135,676 (+/- 1186) years 

BP, synchronous with a positive shift in the EASM  δ18O by 135,650 (+457/-632) years BP. Such a positive shift in the 

EASM is conventionally interpreted as the onset of a ‘weak monsoon interval’ (Cheng et al., 2016b), potentially reflecting a 480 

southward shift of the Westerly jet reflected by the Central Asian winter-precipitation driven Tonnelnaya record (Cheng et 

al., 2016a) and often attributed to reduction in AMOC, consistent with models of TI (He et al., 2021). The sequence confirms 

with absolute chronology that the first deglacial freshening may trigger synchronous response in the EASM system including 

on millennial scale, as hypothesised previously. The available ISM records do not resolve this millennial structure. This 

trend to higher δ18O in the EASM records is interrupted by a centennial scale strengthening of the monsoon at 134,737 years 485 

BP that is clearly seen in the Hulu cave record.  

 

An early warming step is detected in the South European NISA record at 135,429 (+/- 1345) years BP within error of  the 

North European Schneckenloch record at 134,500 (+/- 1649) years BP.  When comparing records across different systems, 

the absolute chronological uncertainties suggest that the freshening and initial onset of warming in South Europe may be 490 

within error of each other.  However, when comparing in a single stalagmite the freshening signal derived from the δ18O 

proxy and the temperature signal derived from the δ13C and Mg/Ca proxies, (NISA - La Vallina cave - Garth record), there is 

some confidence that the first freshening preceded the warming step in the NISA record and in fact coincided with a 

transient temperature minimum which may reflect AMOC reduction. Thereafter, the gradual warming trend in central North 

America begins at 133,593 (+/- 2346) years BP, and progressive increase in rainfall in West Italy (Corchia cave) following 495 

a sharp aridity event at this location. The gradual warming in central North America may reflect rising greenhouse gas 

concentrations as well as regional lowering of albedo with ice sheet retreat.   

 

The final climate response is the abrupt shift in the East Asian monsoon record, classically interpreted as the onset of strong 

monsoon at 129,015 (+/- 719) years BP. Within the chronological uncertainties this event is simultaneous in the central 500 

Asian and the ISM, as well as the final step of abrupt warming in coastal and northern Europe as recorded in Abaliget, 

Sieben Hengste, and NISA temperature records. These changes occur toward the end of the freshening signal observed in the 

NISA record, and according to tuning of marine and NISA speleothem archives, may coincide with the recovery after the 

final collapse of the Labrador ice dome (Stoll et al., 2022).  

 505 
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Figure 4: Ages covering Termination II are plotted against proxy measurements to discuss the sequence of events. Age-depth 

model uncertainties have also been plotted. δ18Ocorr refers to the record which has been previously corrected using the regional ice 

volume correction (see Section 2.2).  δ13Ccorr refers to a record which has been previously corrected for degassing (see Section 2.3). 510 
Since these corrections involve binning data, no age-depth model uncertainties have been plotted for these records. Insolation 

curve is the summer half year caloric insolation as provided in (Tzedakis et al., 2017). [precip = precipitation; temp = temperature; 

N Eu = North Europe; S Eu = South Europe; N Am = North America; C As = Central Asia; ISM = Indian Summer Monsoon; 

EASM = East Asian Summer Monsoon; SE Asia = Southeast Asia; S Am = South America] 
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4.2 Termination IIIA 515 

 
The onset of increased insolation is seen by 229,000 years BP (Fig. 5). The first manifestation of TIIIA in available 

speleothem records is the gradual freshening in the Black Sea region tracked by the Sofular cave speleothem record at 

229,085 (+1972/-1512) years BP. A positive δ18O anomaly in the EASM Sanbao record starting at 228,550 years BP 

coincides with the onset of freshening and may reflect weakened intensity of the ISM and decreased rainout. An early 520 

warming step in the European Alps (Spannagel) is seen nearly synchronously with the onset of the Sofular freshening event 

at 229,099 (+/- 237) years BP. Subsequently the southeastern North American record suggests the onset of a gradual Gulf of 

Mexico warming (Buckeye Creek) at 227,011 (+/- 2063) years BP. Shortly thereafter (or synchronously given the errors), 

there is continued intensification of the ISM monsoon centre convection manifest as progressive depletion of EASM δ18O 

reaching typical interglacial values by 225,783 (+11,284 /-7,146)  years BP. There is also an increase in Westerlies driven by 525 

summer precipitation in the Central Asian Kesang cave at 225,069 years BP. 

 

The SE Asian Abadi cave record (located at 50S) shows a gradual reduction in monsoon strength between 229,790 (+/- 2407) 

and 219,200 (+/- 1,122) years BP during the rise in insolation and the Sofular freshening event. In western tropical South 

America, this time period is marked by an increase in moisture recycling (less upstream rainout) recorded in Diamante 530 

Cave. While the Central Asian Kesang and Tonnelnaya cave δ18O cave records are coherent when examined on longer 

timescales and are similar to EASM records during TII, over TIIIA, the Kesang record does not manifest a positive δ18O shift 

in response to North Atlantic freshening as seen in the Tonnelnaya and Dongge records from TII. The EASM records show a 

low amplitude anomaly signal for TIIIA in comparison to TII. One distinct, although still a low amplitude signal, is a period 

of reduced monsoon strength from 221,189 (+/- 903) to 218,662 (+/- 641)  years BP.  535 

 

The final, strong North Europe warming coincides with the end of the Sofular freshening signal at 217,304 (+/-1972) years 

BP. The SE Asian monsoon strength (Abadi Cave) begins to increase at this time, together with a parallel reduction in 

Westerlies driven summer precipitation (Kesang). The EASM experiences a transient positive δ18O anomaly at 218,290 (+/- 

1717) years BP and the abrupt recovery at 217,394 (+/- 1,274) years BP is coincident with final North Europe warming.   540 

 

214,324 (+/- 375) years BP, marks the end of the warming event in the European Alps with decrease in Gulf of Mexico 

temperatures indicated by the Buckeye Creek cave in North America. The South American Diamante cave does not show a 

return to pre-Termination conditions by this time.   
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 545 

 
Figure 5: Ages covering Termination IIIA are plotted against proxy measurements to discuss the sequence of events. Age-depth 

model uncertainties have also been plotted.  Insolation curve is the summer half year caloric insolation as provided in (Tzedakis et 

al., 2017). [precip = precipitation; temp = temperature; N Eu = North Europe; S Eu = South Europe; N Am = North America; C 

As = Central Asia; ISM = Indian Summer Monsoon; EASM = East Asian Summer Monsoon; SE Asia = Southeast Asia; S Am = 550 
South America] 
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4.3 Termination III 

 

The onset of increased insolation is seen by 253,000 years BP (Fig. 6). No freshening records are available for TIII. A brief 555 

transient positive shift in the EASM  δ18O centred at 252,200 years BP suggests weakened convection intensity and decreased 

rainout between Indian Ocean and EASM region. This period is also seen as a departure to more positive δ18O values in the 

ISM and SE Asian monsoon (Green Cathedral (50N)) cave records which reflect decreased regional precipitation and 

changes to circulation. A longer transient positive shift in the EASM record is seen from 248,200 to 243,200 years BP. The 

European Ejulve cave record shows gradual warming beginning at 248,545 years BP interrupted by shorter cooling events 560 

centred at 243,924 and 241,720 years BP respectively.  A prominent warming step is seen in the Alpine Spannagel cave 

record which only partially covers TIII at 242,446 (+/- 299) years BP.  

 

Similar to the TII Central Asian Tonnelnaya record, and unlike the TIIIA Central Asian Kesang cave record, the Central 

Asian Kesang cave record for TIII shows some decrease in Westerlies-driven summer precipitation, though this record has a 565 

very low resolution. At the same time, and again conversely to TIIIA, the Southeastern North American record from 

Buckeye Creek cave suggests a drop in Gulf of Mexico temperatures. However, the signal amplitude for the Buckeye Creek 

records is less than 1 ‰. 

 

Coinciding with the prominent warming step seen in the European cave records ~ 242,000 years, there is an increase in 570 

EASM monsoon strength at 243,200 (+/- 496) years BP. The ISM and SE Asian monsoon strength also change around the 

same time period but have large chronological errors which precludes further discussion on their place in the sequence of 

events. Similarly, the change to warmer Gulf of Mexico and linked precipitation season in the Buckeye Creek cave, and 

Westerlies season in the Kesang cave, all lie within errors of the monsoon change in the EASM region and the temperature 

change in the Alps.  575 
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Figure 6: Ages covering Termination III are plotted against proxy measurements to discuss the sequence of events. Age-depth 

model uncertainties have also been plotted.  Insolation curve is the summer half year caloric insolation as provided in (Tzedakis et 

al., 2017). [precip = precipitation; temp = temperature; N Eu = North Europe; S Eu = South Europe; N Am = North America; C 580 
As = Central Asia; ISM = Indian Summer Monsoon; EASM = East Asian Summer Monsoon; SE Asia = Southeast Asia; S Am = 

South America] 
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4.4 TIV and TV 

Speleothem records of TIV and TV are only available from the EASM region (Sanbao cave) and the SE Asian monsoon 585 

region (Abadi and Green Cathedral caves respectively). No freshening records are available for these Terminations. Similar 

to TII and TIII, the EASM records indicate weak monsoon periods at the onset of insolation increase. Both EASM and SE 

Asian monsoon records recover around the same time around peak insolation.  

5 Discussion 

5.1 Similarities and differences among Terminations within the same regions 590 

 
Records of different Terminations from different speleothems belonging to the same cave and region are largely similar in 

direction of signal and magnitude (with few exceptions), but can vary significantly in internal structure (including the rate of 

change).  

 595 

Records of freshening from NISA for TII and Sofular cave for TIIIA are markedly different in magnitude (Supp. Fig.  6). 

This is a manifestation of the different sources of moisture for the two records rather than a reflection of the differences 

between Terminations. Freshening of the North Atlantic is thought to have altered the source composition by ~2‰ (Stoll et 

al., 2022). Inflow of isotopically depleted Caspian Sea waters resulting from Eurasian ice sheet melt, diversion of rivers, 

higher river runoff coefficients and reduced evaporation to the Black Sea during Terminations is thought to be the source of 600 

the depleted δ18O values of the Sofular cave record (Badertscher et al., 2011 and references therein).  Since there is no 

corresponding NISA record for TIIIA, it is difficult to gauge the response time of the Caspian Sea to deglaciations, however 

the sequence of events surrounding the warming in North Europe, and recovery of the EASM, that are present in both TII 

and TIIIA records, suggest that the Caspian Sea likely reacted rapidly i.e. within ~2000 years age error of the Sofular 

speleothem record.  605 

 

European temperature records are available from Abaliget and NISA for TII, Spannagel for TIIIA, and Ejulve and partially 

Spannagel for TIII (Supp. Fig. 7). Once the ice volume correction from the NISA record has been applied to the Abaliget 

record, the structure of the record is similar to the δ13C-based temperature record from NISA (Fig. 4). Currently, no similar 

North Atlantic specific correction can be made for the Spannagel δ18O record from TIIIA and TIII or Ejulve in TIII; in the 610 

measured records, times of meltwater arrival in the North Atlantic could mask early warming steps during the times of 

apparently stable δ18O between 228 and 215 ka in TIIIA and 242 to 247 ka in TIII. For TIII the Ejulve cave δ13C-based 

temperature record provides this information instead with a two step temperature increase at 248,545 and 242,446 years BP 
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respectively. While these records provide excellent information of the timing of temperature increase, they can provide only 

an estimate of change in actual temperature. For this we must look to other speleothem records such as fluid inclusions 615 

instead. The Hungarian cave fluid inclusion records (see subsection 3.3) are roughly from the same region and elevation as 

the Abaliget record at (~450 and 200 m asl respectively) and suggest a temperature change of 7.40C. The Schrattenkarst fluid 

inclusion record for TII  is available from a similar region and elevation (~2000 m) as the Spannagel cave record and 

suggests a temperature change of 4.80C. Only the Hungarian cave fluid inclusion record is available for TIII and suggests 

very limited temperature variation at least in this region and at this elevation. This is unlike what is suggested by the 620 

Spannagel cave δ18O record.  

 

The EASM records from Sanbao and Dongge together cover all Terminations with Sanbao records particularly available for 

all Terminations. Although from the same region, the records are from different stalagmites with different sampling 

resolutions and age uncertainties, nevertheless, they provide an opportunity to examine why the Terminations may have 625 

different structures in the same region (Supp. Fig. 8) (Cheng et al., 2009). TII shows the most abrupt change in δ18O and lasts 

for ~6,985 years from the initial weak monsoon event to monsoon recovery. TIV is similar to TII in structure and lasts for 

~7,136 years. The peak weak monsoon event for TV seems to last only 2,223 years. TII, TIIIA and TIII show prominent 

millennial event structures during Terminations.  

 630 

The SE Asian monsoon records from Green Cathedral and Abadi caves are another group of records from the same monsoon 

region that can be compared across different Terminations. The records from TIIIA, TIII and TV are similar to each other 

showing gentle weakening and recovery signals across thousands of years. The TIV Abadi cave record, in contrast, shows a 

sharp recovery lasting only a few 100 years.  

 635 

5.2 Similarities and differences in the sequence and duration of events during Terminations 

 
The detailed analysis of available speleothem records covering Terminations in this study allow us to provide a more 

structured interpretation of the sequence of events (Fig. 7). The 3 Terminations, namely, TII, TIIIA and TIII, show a 

common sequence among some events. In all these Terminations, there are two groups of events which are largely out of age 640 

uncertainty of the other. The first group of  global sequence of climatic events is represented by the onset of insolation 

increase, onset of freshening, weakening of the Asian monsoon, initial increase in temperatures in Europe and North 

America. This is followed by a second group of global sequence of climatic events of the end of freshening, near peak 

insolation, including monsoon recovery and final step of temperature increase in Europe and North America. Within the 

groups, the individual climatic events can have overlapping uncertainties. Where events within a group have no overlap, it is 645 

possible to identify the sequence of events with finer detail. These records provide promising targets for understanding 
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climate dynamics and for modelling studies. A notable example of such a target includes the onset and time period of 

warming versus freshening in the North Atlantic region from the NISA δ18O and δ13C records available for TII. 

 

The sequence of events, if bookended by weakening and recovery of the monsoon, seem to cover ~ 8000 years reflected with 650 

onset of freshening and recovery of monsoon. However, because the different Terminations feature speleothems from 

different regions, it is currently not possible to precisely evaluate variations in the duration of the different Terminations or 

processes that contribute to such variations.  

 

 655 
 
Figure 7: Sequence of global climatic events over Terminations. Ages and chronological uncertainties are represented on the X-

axes. Amplitude of oxygen isotope changes that reflect the climatic events in speleothem records are plotted on the Y axes. The 

dashed line shows the start of insolation increase. [precip = precipitation; temp = temperature; N Eu = North Europe; S Eu = 

South Europe; N Am = North America; C As = Central Asia; ISM = Indian Summer Monsoon; EASM = East Asian Summer 660 
Monsoon; SE Asia = Southeast Asia; S Am = South America] 
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5.3 Potential use of speleothem for tuning other records - targets 

 
Several approaches have been employed to transfer speleothem chronologies to marine sediment records by tuning marine 

proxies to regionally relevant speleothem δ18O records. Tzedakis et al., (2018) match Iberian margin pollen records with 665 

Corchia (Italy) speleothem δ18O, assuming a common rainfall amount signal dominates both records. Grant et al., (2012) tune 

planktonic δ18O from the eastern Mediterranean region to speleothem δ18O records from Israel, assuming the signal of 

Mediterranean seawater δ18O dominates both records. In the North Atlantic region, the NISA speleothem records of eastern 

north Atlantic surface ocean δ18O, have been used to tune Iberian margin marine records of δ18Oseawater derived from paired 

Mg/Ca and oxygen isotope measurements of planktic foraminifera (Stoll et al., 2022). Caballero-Gill et al., (2012) tune 670 

planktonic δ18O from the South China Sea (SCS) to the East Asian Summer monsoon δ18O assuming that fresher conditions in 

the SCS correspond to monsoon regimes reflected in lower speleothem δ18O.  This chronology has been applied to evaluate 

the synchronicity of changes in precipitation isotopes across a the East Asian Monsoon domain, by comparing the 

speleothem records with leaf wax  hydrogen isotope records from same core, since the leaf waxes integrate the signal from 

the Pearl River catchment area (Thomas et al., 2014). This exercise explores whether monsoon changes  result from direct 675 

insolation forcing or additionally from SST and ice volume changes, a comparison not possible when marine record 

chronology of ice volume is derived from tuning to a specific insolation target. In other settings, closely located records of 

leaf wax hydrogen isotopes and speleothem  δ18O, which can be assumed to receive similar isotopical signals in precipitation, 

may provide further opportunities to tune marine sediment cores.  Further leaf wax δ2H are available in SE Asian (Sumatra), 

EASM, and South European (Mediterranean) regions. Finally, emerging records of fluid inclusion thermometry covering 680 

Terminations also provide an opportunity to improve chronologies for nearby marine records by tuning the SST indicators 

from marine cores to speleothem temperature records.  

 

In some cases, speleothem chronology has been applied to more distant archives inferred to feature common forcing. (Grant 

et al., 2014) tune millennial dust peaks in sediment records from the Red Sea with millennial ‘weak monsoon’ positive 685 

anomalies in speleothem δ18O records from the Asian monsoon region, inferring synchronous phases of aridity, in order to 

apply absolute chronology to the Red Sea sea level record. Sinnl et al., (2023) have tuned polar ice core chronology over the 

last glacial to speleothem chronology using common radionuclide production signals. The potential for precise global 

speleothem chronologies to tune Heinrich events in both Greenland and Antarctic ice cores on the basis of major 

atmospheric circulation reorganisations has been proposed (Dong et al., 2022).  Over orbital timescales, EASM δ18O 690 

variations have been used to validate the ice core age model, assuming EASM δ18O correlated with tropical rainfall and NH 

tropical wetland extent, which would be reflected in the ice core methane concentrations (Suwa and Bender, 2008). More 

widespread, well dated speleothem records of Terminations beyond TII are required, and development of marine proxy 

records with signals common to the speleothem records, will continue to improve the chronology of Terminations.   
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 695 

 5.4 Suitable modelling outputs to understand climate dynamics 

The speleothem record of the sequence of climate events over Terminations can be used to evaluate climate model skill of 

teleconnections and feedbacks (Cheng et al., 2009; Denton et al., 2010; Obase et al., 2021; He et al., 2021). However, to 

date, few transient simulations covering Terminations exist (e.g. Liu et al., 2009; Ivanovic et al., 2016; Obase et al., 2021; 

Menviel et al., 2019; Caley et al., 2014) and most of them extend back only to TI. Model outputs can vary based on initial 700 

conditions, for example, the manifestation of millennial events surrounding Terminations in model simulations varies based 

on the sensitivity of different models to different background conditions and the treatment of deglacial meltwater input to the 

ocean. Some models are also better at simulating certain regions compared to other models making a multi-model 

comparison more valuable (Bong et al., 2024).  

 705 

Isotope-enabled model simulations allow direct comparison of  rainwater δ18O simulated by models to calculated rainwater 

δ18O from speleothems δ18O, and are run by ECHAM5-wiso (e.g. Comas-Bru et al., 2019), iLOVECLIM (e.g. Caley et al., 

2014), iTRACE (e.g. He et al., 2021), iCESM (e.g. Sinha et al., 2024) and GISS (e.g. Tierney et al., 2011). For example, the 

isotope enabled models have confirmed that synchronous isotope anomalies in the Asian monsoon region reflect a coherent 

response to large scale reorganisation of atmospheric circulation, even when there are disparate regional responses to 710 

precipitation amount (Caley et al., 2014; He et al., 2021). Further, if models confirm, for example, isotope anomalies in the 

Asian monsoon region are synchronous with expansion and contraction of Northern Hemisphere tropical wetlands, this 

would provide strengthened support for tuning ice core methane records to the EASM speleothem chronology.  By clarifying 

the processes responsible for the isotopic signal in speleothems, isotope models foster more robust comparison between 

speleothem records and suitable climate variables simulated by the larger group of non-isotope enabled climate models.    715 

 

Since there is a protocol for isotope-enabled model comparison for TII (Menviel et al., 2019) and investigation by the current 

review paper has shown that there are a number of speleothem proxy records from around the globe covering this 

Termination, TII can be a useful future target to understand climate dynamics using data-model comparison approaches.  

6 Further work 720 

Based on this study, we can now provide strategic future research directions for speleothem research covering Terminations:  

 

• The NISA records provide the best data on freshening events in the North Atlantic and temperature changes in 

Southern Europe. Since multiple proxies from the same speleothems provide information of both temperature 

change and freshening, they provide critical chronological control on these two events. Further, since at least some 725 
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speleothems from this region allow for confocal layer counting, it greatly increases our confidence in the duration 

of events in this critical source region.  

• The Central Asian Tonnel’naya record provides the most clear manifestation of changes to the Westerlies during 

TII which are also relevant to the coupling between (or forcing of) the North Atlantic and EASM regions. It would 

be useful to have further records of Westerlies track changes across other Terminations.  730 

• The EASM region with its rich record of well-dated highly resolved speleothems provides the best opportunity to 

understand the difference in the internal structure of Termination events in speleothem δ18O records across all 

examined Terminations. Comparison of different insolation metrics and isotope-enabled modelling studies possibly 

provide future directions to understanding the variable internal structures in turn providing a hint at the differences 

in the forcings of different Terminations. 735 

• Current available studies suggest that South American speleothems provide our best opportunity of finding well-

dated records across Terminations from the Southern Hemisphere. At the moment, the South American records 

from the SISAL database cover only TII and TIIIA. 

• The North American Lehman caves record provides the best data for temperature changes in this region. However, 

the Lehman caves record only provides information for TII. The Devils Hole cave records obtained from sub-740 

aqueous speleothems are more likely to cover the older Terminations. However, these sub-aqueous records  initially 

generated debate on their chronological control which have since been resolved (see Moseley et al., 2015 and 

references therein). However, there continues to be debate on travel time of the climatic signal at the surface to the 

site of the sub-aqueous record. Further karst modelling studies can provide this information.  

• SE Asian speleothem records not only provide critical information of changes over the equator, but possibly also 745 

have some of the best understood fluid inclusion records. These are particularly vital since they can be an important 

tuning target with marine records given their location in the Indo-Pacific Warm Pool.  

• Many speleothem records that have been plotted in this study, were not initially measured targeting Terminations. 

Further, speleothem uranium-thorium dating capabilities and techniques such as confocal microscopy can provide 

further  age control in some of the older records. In such cases, it may be worth undertaking a concentrated effort to 750 

improve the parts of the records that cover Terminations, particularly targeting for example, NISA, Northern 

Europe and EASM records that are within uncertainty of each other .  

• Where multiple records are available for a given region, we can evaluate the scale of local to regional coherency in 

the proxy interpretation. Regional speleothem age models that encompass the strengths and uncertainties from 

uranium-thorium dates from multiple overlapping speleothems from the same and nearby caves can be attempted. 755 

• More advanced time series methods such as change point analysis can be used which consider full age uncertainty 

ensembles.  
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• Records from other speleothem proxies such as trace element and δ234U measurements are increasing in number and 

provide information of regional hydroclimate and vegetation changes providing a more complete picture of 

changing climate and environmental conditions in response to Termination events. 760 

• Lastly, we can examine the expression of millennial and more abrupt events during Terminations.   
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