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Abstract. Glacial terminations represent the largest-
amplitude global climate changes of the last few million
years. Several possible orbital-insolation triggers have been
described to initiate and sustain glacial terminations. Be-
cause of the availability of radiocarbon dating, the most
recent termination (TI) has been extensively characterized.
Yet, it is widely discussed as to whether the sequence
of millennial events, their climate feedbacks and rates of
change seen in TI is recurrent over previous terminations.
Beyond the limit of radiocarbon dating, records from the
speleothem archive provide absolute age control through
uranium-thorium dating and high-resolution proxy measure-
ments. 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 polar ice cores or marine core benthic
foraminiferal oxygen isotope records, the climatic interpre-
tation of a given proxy can vary quite significantly among
different regions. In this study, we do the following:

— 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 en-
coded 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 mani-
festation of terminations across different aspects of the
climate systems and different regions;

— suggest directions for future speleothem research cov-
ering terminations, speculate on suitable tuning targets
among marine and ice core proxies, and discuss what
model outputs may be most suitable for comparison.

We find that TII has the greatest number of globally dis-
tributed records followed by TIIIA and TIII. The records cov-
ering TIV and TV are largely restricted to the East Asian
and Southeast Asian monsoon regions. Modelling and data—
model comparison studies have greatly increased our un-
derstanding 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 es-
tablished between a subset of events, and this sequence
stays largely consistent across terminations. However, im-
provements in dating and age-model uncertainties, higher-
resolution records and multi-proxy approaches are required
to establish sequences within each subset of events. Beyond
further research on targeted speleothem records, our recom-
mendations 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 im-
prove the chronology of terminations.
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1 Introduction

Glacial terminations represent the largest-amplitude climate
changes of the last several million years (Brook and Buizert,
2018; Cheng et al., 2009, 2016a). Over a ~ 10 kyr (10 kilo-
years or 10 000 years) timescale, large Northern Hemisphere
ice sheets retreat (e.g. Carlson and Winsor, 2012), sea level
rises (e.g. Gallup et al., 2002), and atmospheric CO, (Fis-
cher et al., 1999) and global temperatures make a full tran-
sition from glacial to interglacial levels (e.g. Caillon et al.,
2003). Many 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 unstop-
pable 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 pale-
oclimate records from archives such as marine and ice cores,
the most recent termination (TI) has been the most exten-
sively characterized (e.g. Stern and Lisiecki, 2014; Lamy et
al., 2007; Denton et al., 2010; Lea et al., 2003; Barker and
Knorr, 2021). Yet, it is widely discussed as to whether this
sequence of millennial events, their climate feedbacks and
rates of change is recurrent over previous terminations or is
unique (e.g. Cheng et al., 2009; Barker and Knorr, 2021). Be-
yond the limit of radiocarbon dating, the chronologies of cli-
mate 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, particu-
larly the response of the climate system to orbital forcing and
the rates of response in the climate system (e.g. Lisiecki and
Raymo, 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 (e.g. Cheng
et al., 2009, 2016a). In addition, the emerging field of band-
counting speleothem confocal layers provides precise esti-
mates of rates and durations in some settings (e.g. Stoll et
al., 2022; Dong et al., 2022). The speleothem archive there-
fore provides unique records of climate change across ter-
minations and, additionally, may provide the opportunity to
tune the chronology of ice and marine core archives. In or-
der 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 ef-
forts have proposed a common regional sea surface temper-
ature signal in marine records and a rainfall amount signal
in speleothem §'80 in western Italy (Drysdale et al., 2009)
or a common surface ocean freshwater signal in surface
ocean 8180 or § '8 Ogeqater and speleothem s180 (Grantet al.,
2012; Stoll et al., 2022). Long-distance correlations between
North Atlantic ice-rafted debris events and §'30 anomalies
in East Asian speleothem records have been proposed to
tune North Atlantic marine records (e.g. Lisiecki and Stern,
2016; Hobart et al., 2023). While such tuning approaches are
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promising, confidently applying speleothem chronologies to
multiple terminations and millennial events during termina-
tions requires robust proxy interpretations across multiple
archives. Ideally, modelling studies would point to common
drivers of proxy variability.

A challenge in speleothem records is that unlike prox-
ies in other archives like marine core benthic foraminiferal
oxygen isotopes or polar ice cores, the climatic interpreta-
tion of a given proxy can vary quite significantly among
different regions. 8'80 is the most ubiquitously measured
and interpreted proxy in speleothems. In addition to §'80,
speleothem climate signals are encoded in a number of other
proxies like 8'3C and trace element ratios of Mg/Ca and
Sr/Ca. Speleothem §'80 records a very diverse set of cli-
mate influences in different environments, including freshen-
ing 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., 2016b, 2019), and change in temperatures
in high-altitude sites of Northern Europe and North Amer-
ica (e.g. Koltai et al., 2017; Lachniet et al., 2014), as well
as aspects of the hydrological cycle including monsoon pro-
cesses in Asia and South America (e.g. Cheng et al., 2013;
Kathayat et al., 2016). Speleothem carbon isotopes are mea-
sured 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 (Genty et al., 2001; Lechleitner et al., 2021;
Stoll et al., 2023). In addition, the speleothem trace element
proxy “tool-box” has seen rapid evolution over the last two
decades and provides valuable ways of independently recon-
structing past climate and environmental parameters, as well
as increasing our understanding of the signals encoded in the
measured oxygen and carbon isotopes (Fairchild and Treble,
2009). For example, speleothem §'3C 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 8'3C to recon-
struct the temperature-sensitive “initial” (“corrected”) s3c
of dripwaters (Stoll et al., 2023).

There has been an ongoing discussion in the commu-
nity that speleothem records with their chronological pow-
ers and ubiquitously measured high-resolution §'30 proxy
measurements would be able to provide a more evolved un-
derstanding of the manifestation of terminations in terres-
trial regions that are not covered by the more typical termi-
nation records from marine and ice cores. In addition, the
strength of the speleothem chronology could be extended to
the marine and ice core records to better track forcings and
responses during terminations across the global climate sys-
tem. However, so far, there has not been a systematic review

https://doi.org/10.5194/cp-21-1633-2025



N. Kaushal et al.: Perspective on ice age terminations from speleothem records

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 un-
derstanding of terminations using this speleothem-based ap-
proach. The Past Global Changes — Speleothem Isotope Syn-
thesis and AnaLysis, i.e. PAGES-SISAL, global speleothem
database versions developed by the PAGES-SISAL working
group (Atsawawaranunt et al., 2018a, b, 2019; Comas-Bru
et al., 2019, 2020b, a; Kaushal et al., 2024b, a) allow us to
easily, and more objectively, perform such a review.

In this review paper we identify how currently available
speleothem records constrain the timing of climate events
across different regions within a given termination and de-
scribe the similarities and differences in the sequences of
a processes across different terminations. We focus on the
available speleothem records providing high-resolution cli-
mate information for terminations TII, TIIIA, TIII, TIV and
TV. We first describe the aspect of the climate system en-
coded in records from different regions and systems. For
some records in which the ice volume effect on seawater
8180 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 the sequence
of events across the different terminations. And finally, con-
sidering the most up-to-date interpretation of what climate
signals are encoded by speleothem proxies in different re-
gions, we propose 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

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 3,
i.e. the SISALv3 database (Kaushal et al., 2024a, b). Since
this terminations project was undertaken parallel to build-
ing the SISALv3 database, a special effort was made to en-
sure that records covering terminations have been added to
the database from publications and repositories. Only sin-
gle speleothem records have been used. We have not used
any composite records in the main analysis, although we
show these records in the Supplement. Composite records
and stacks have been known to increase the robustness of
records by strengthening regional signals versus drip-site
specific noise and by expanding chronological control (e.g.
Bajo et al., 2020; Fohlmeister, 2012; Koltai et al., 2017). We
elected to use single records for analysis because they gave us
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more information on age control and measured 8180 values,
without having to account for modifications made to either
during the process of creating composites.

Once SISALv3 was built, a search was made of SISALv3
for records covering the periods of interest, which gen-
erally follow past work on terminations by Cheng et al.
(2009) and Cheng et al. (2016a), encompassing TII (140 to
120 kyr BP (where kyr stands for kiloyears or 1000 years)),
TIIA (230 to 210kyr BP), TIII (258 to 238 kyr BP), TIV
(350 to 330kyr BP) and TV (440 to 420 kyr 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, Cen-
tral Asia, Indian Summer Monsoon (ISM), East Asian Sum-
mer Monsoon (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) includes records with the § 180
signal dominated by surface ocean §'80 or the hydrologi-
cal balance, contrasting with North Europe, which mainly
includes the alpine records with strong temperature depen-
dency of meteoric precipitation on oxygen isotopes. North
American Lehman cave oxygen isotopes similarly record
temperature dependency of meteoric precipitation, while the
Buckeye Creek cave records encode information on the dom-
inant 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 European records, for which robust car-
bon isotope interpretations are available and provide addi-
tional information on terminations, we also discuss the §13C
and Mg/Ca records. While §'80 and §'3C provide informa-
tion on the timing of temperature changes, absolute temper-
ature change can only be reconstructed from other proxies
such as fluid inclusion §2H, calcite—water 880 with fluid in-
clusion and calcite 880, TEX86, and (dual) clumped iso-
topes. Such proxy records are few in number, of lower reso-
lution and not yet included in the SISAL database versions.
These records are only briefly summarized in Sect. 3.3.

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 several additional complexities including the added un-
certainty in their U-Th age control stemming from higher
chronological errors and low resolution resulting from slow
growth rates, which do not meet the resolution criteria we ap-
plied for record selection (namely the Devil’s Hole records
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and one of the Corchia cave records). Among the remain-
ing records, the main paper map (Fig. 1), time series plots
(Fig. 2) and table (Table 1) prioritize the records that cover
the longest time period, with the highest sampling resolu-
tion, with the largest number of U-Th dates and with the
lowest errors in age—depth models covering the period of in-
terest. The different criteria listed above have been taken on
balance, and records that may be nearly as good have been
given in the figures and table in the Supplement. Remaining
records that very partially cover the period of interest and/or
are of very low resolution in a way that they give no addi-
tional information on the termination have not been consid-
ered further within the main paper, although a few records
have been plotted in the Supplement (Fig. S1 and Table S1).
Where author-generated age—depth models have uncertainty
measurements, these have been preferred. Where author-
generated age—depth model uncertainties are not available in
SISALv3, then SISAL generated age—depth models in CO-
PRA/Bchron/Bacon (in that order) have been used. Com-
posite records such as Soreq_composite and PEK_composite
do not have individual stalagmite information and author-
generated age—depth model uncertainties in SISALv3, and
these cannot be generated by automated scripts typically used
by the SISAL working group. Such composite records have
been shown in the figures in the Supplement. Although the
SISAL working group has made an effort to provide stan-
dardized age—depth chronologies for all speleothems in the
database, not all speleothems produced realizations for all
age—depth models (further details can be found in the re-
lated publications; see Amirnezhad-Mozhdehi and Comas-
Bru, 2019; Comas-Bru et al., 2020b; Rehfeld et al., 2020;
Rehfeld and Biihler, 2024). In one case, the SE Asian Green
Cathedral cave record (namely Meckler et al., 2012), the age-
depth model has been requested directly from the author,
since this record proved to be challenging for dating, does
not have author-generated age uncertainties in SISALv3 and
is not amenable for standardized 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
8180 data points between 228-226 kyr BP have been added
from NCEI-NOAA; the remaining data points are taken from
SISALvV3. All speleothems considered in this study, other
than the Crovassa Azzurra record, are composed of calcite.
Crovassa Azzurra has a mixed mineralogy (dominantly com-
posed of aragonite), where the mineralogy of each oxygen
isotopic sub-sample has been provided in SISALv3, the sta-
lagmite from this cave has been plotted in the Supplement
and no change has been made to the oxygen isotopic mea-
surement in response to the change in mineralogy. Under
equilibrium conditions, aragonite is calculated to have 830
values that are 0.8 %o more enriched than calcite at 25 °C
(Fohlmeister et al., 2018; Kim et al., 2007).

The timing of change has been given based on the age
value of the last measured sample point before the change
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occurs. The duration has been measured as the difference
between the age values of two such sample points marking
changes. The amplitude of change has been approximated as
the peak anomaly on the proxy axis from a baseline proxy
value, which is the value prior to the start of the termination
event.

2.2 Accounting for ice volume effects in speleothem
oxygen isotope records

The shrinking of global ice sheets across glacial termina-
tions leads to the release of the isotopically negative fresh-
water in ice sheets back into the ocean, leading to a neg-
ative shift in the average 8180gcawater estimated at 1 %o—
1.3 %0 (Adkins et al., 2002; Duplessy et al., 2002; Schrag et
al., 1996, 2002). Most of the glacial meltwater during ter-
minations is released by North 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 § 180 awater signal reaches the deep and surface Pa-
cific Ocean with a 1-3 kyr lag (Duplessy et al., 1991).

Because the surface ocean is the ultimate source for all wa-
ter precipitated on land and infiltrating in caves, this change
in the initial isotopic composition of the surface ocean dur-
ing glacial terminations is transferred to the dripwater and
precipitated stalagmites (e.g. Stoll et al., 2022). In some re-
gions, other sources of 30 variability significantly exceed
the magnitude of the global ice volume effect, and it can be
neglected for interpretation. However, the ice volume com-
ponent can be a significant component of the §'30 varia-
tion in some speleothem records, and it can be helpful to
isolate the non-ice-volume components to clarify interpre-
tations. Therefore, we explore the consequences and uncer-
tainties surrounding the ice volume correction.

In order to examine the effects of this ice volume
change on speleothem 8'80 termination records, a value of
0.00833 %om™~! of relative sea level has been used to calcu-
late the global average change in 8180geawater With the pro-
gressive melting of ice 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 §'30, 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
and Lisiecki solution is proposed to have an uncertainty of
4kyr 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 the sill where inflow
occurs. The Red Sea sea level features a chronology tuned
by correlating millennial dust events in the Red Sea to §'30
anomalies in East Asian monsoon speleothem records (Grant
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Table 1. Continued.

Termination IITA

Region Site name Latitude  Longitude Elev. (m) Entity name Age model Citation Primary interpretation Secondary Comments
of speleothem 8180 interpretation
South Europe Sofular 41.4167  31.9333 440 SO-4 SISAL-Bchron (Badertscher et al., source water more negative
2011) composition from Caspian Sea
with meltwaters,
more positive from
Mediterranean
North Europe Spannagel 47.0800  11.6700 2310 SPA121_2021  author-OxCal (Wendt et al., 2021) local winter change in moisture  source water
temperature transport trajectory ~ composition
indicated by a
possible short
meltwater pulse
excursion
North America  Buckeye Creek  37.9800  —80.4000 600 BCC-9 SISAL-copRa (Cheng et al., 2019) change in seasonality
Central Asia Kesang 42.8700  81.7500 2000 KSO06A author-linear (Cheng et al., 2016b) large-scale circulation change in moisture  temperature effect
between dates and supra-regional transport trajectory  on calcite
climate and linked precipitation
seasonality
EASM Sanbao 31.6670  110.4333 1900 SBI11 228-226ka (Cheng et al., 2016a) upstream rainout change in
author-linear seasonality
between dates;
remaining
SISAL-copRa
SB61 author-linear (Cheng et al., 2016a) upstream rainout change in
between dates seasonality
SE Asia Abadi —5.0000  119.7000 300 AC-11-06 author-Bacon and (Kimbrough et al., 2023)  rainfall amount
tie points
South America  Diamante —5.7300 —77.5000 960 NAR-D SISAL-copRa (Cheng et al., 2013) rainfall amount upstream rainout Amazon recycled
moisture more
positive than distal
ocean source
NAR-F SISAL-Bchron (Cheng et al., 2013) rainfall amount upstream rainout Amazon recycled

moisture more
positive than distal
ocean source
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Figure 1. Maps showing locations of cave sites with speleothem records covering terminations II, IIIA, III, IV and V respectively. Map
created using Natural Earth. Cave locations whose entities have been predominantly referred to in the main paper are marked with red
markers and are described further in Table 1, and their time series have been plotted in Fig. 2. Entities that were not analysed as a part of the
main paper since they only partially cover terminations or have lower resolution or U-Th dates with larger errors than the records used in the
main paper are plotted with blue asterisks and shown in Fig. S1, and time series are plotted in Fig. S2.

et al., 2014). These two records exhibit some differences
in the amplitude and timing of sea level rise during glacial
terminations (Fig. S2 in the Supplement). A further benthic
8'180-derived curve (Waelbroeck et al., 2002) has a lower res-
olution than the other curves and is shown in Fig. S2 but not
used for correction of the speleothem records. We employ the
uncertainties from the original authors, which define a range
of sea levels for a given age. Thus, “ice-volume-corrected”
speleothem 8'80 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 8'8Ogeawater Of the surface ocean. For example, over the
last glacial termination, paired Mg/Ca and 8180¢oram mea-
surements indicate that the 8!'3Ogeawater Of the surface North
Atlantic Ocean experienced a larger-amplitude change than
the global average ocean (Waelbroeck et al., 2014). Addition-
ally, during the early stages of deglaciation the 818 0geawater
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 §'80 signal is interpreted
as the temperature record, and for which precipitation has a
North Atlantic moisture source, it is ideal to correct for the

Clim. Past, 21, 1633—-1660, 2025

full regional change in source water in order to deconvolve
this effect from the temperature signal. At present this is pos-
sible for TII by subtracting the 8'30 from a coastal North
Iberian Speleothem Archive (NISA) record, whose signal is
dominated by the regional evolution of (SISOSMWMer of the
North Atlantic (see Stoll et al., 2022). In other regions, paired
foraminiferal Mg/Ca and 8180 41cite measurements indicate
that variation in the 8'8Ogeawater may be larger or smaller than
the globally averaged ice volume effect (Waelbroeck et al.,
2014), depending on factors such as the Intertropical Conver-
gence Zone (ITCZ) position. We do not explicitly adjust for
these variations since they generally amplify, rather than ob-
scure, the hydrological signal present in the stalagmite §'80.

Wherever correction for changing 8'8Ogeawater s imple-
mented, the speleothem data have been binned to 1, 0.250
and 0.125 kyr respectively to accommodate uncertainties in
chronology (Fig. S3 in the Supplement). The change in
8180eqwater as a result of freshening has simply been sub-
tracted from the speleothem §'80 in these bins. Since the
uncertainty on sea level curves is much greater than the
uncertainty on speleothem age—depth models, only the un-
certainty on sea level curves has been considered in these
plots. The “ice-volume-corrected” Termination II Abaliget
(ABA_1), Sieben Hengste (7H-12), Schneckenloch (SCH-
5) and Corchia (CC-5_2018) cave records have been used
for further interpretation in the main paper, and the cor-
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Figure 2. Ages covering terminations in kiloyears before 1950 (kyr BP) are plotted against oxygen isotopic measurements (in %o). The
direction of the y axis for each figure has been selected so that up points to warmer or wetter climates. Age—depth model uncertainties
where available are plotted as grey shading on the proxy plots. U-Th dates and dating uncertainties have been plotted below the proxy plots.
Insolation curves in Wm™2 are plotted in subfigures (a) of each of the termination figures and are the summer half-year caloric insola-
tion as provided in Tzedakis et al. (2017). This metric for insolation was selected because it accounts for the effect of both precession and
obliquity on northern latitude insolation. Cave sites are shown in maps in Fig. 1 and further record information can be found in Table 1.
The climatic signals encoded in the proxies are summarized here: Termination II (b) La Vallina: South Europe freshening, Corchia: Europe
precipitation, (c¢) Abaliget: Europe temperature, (d) Lehman: North American temperature, (e) Tonnelnaya: Central Asian Westerlies-driven
winter precipitation, (f) Bittoo and Xiaobailong: Indian summer monsoon, (g) Dongge: East Asian summer monsoon, (h) Diamante: South
American monsoon; Termination IIIA (b) Sofular: Black Sea freshening, (¢) Spannagel: Europe temperature, (d) Buckeye Creek: North
American precipitation season, (e) Kesang: Central Asian Westerlies summer precipitation, (f) Dongge and Sanbao: East Asian summer
monsoon, (g) Abadi: Southeast Asian monsoon, (h) Diamante: South American monsoon; Termination Il (b) Ejulve: South Europe tem-
perature, (c¢) Spannagel: North Europe temperature, (d) Buckeye Creek: North American precipitation season, (e) Kesang: Central Asian
Westerlies summer precipitation, (f) Xiaobailong: Indian summer monsoon, (g) Sanbao: East Asian summer monsoon, (h) Green Cathedral:
Southeast Asian monsoon; Termination IV (b) Sanbao: East Asian summer monsoon, (¢) Abadi: Southeast Asian monsoon; Termination V
(b) Sanbao: East Asian summer monsoon, (¢) Green Cathedral: Southeast Asian monsoon. Entities that were not analysed as a part of the
main paper since they only partially cover terminations or have lower resolution or U-Th dates with larger errors than the records used in the

main paper are shown in Fig. S2.

rected records are indicated by the y-axis label “§ BC o
in the figures. The absence of an equivalent absolute dated
record of North Atlantic §'8Ogeawater €volution in prior termi-
nations precludes regional correction of temperature equiva-
lent European records in TIII or older at this time; instead
the global ice volume correction has been applied to these
records (Fig. S3).

https://doi.org/10.5194/cp-21-1633-2025

2.3 Degassing corrections for
speleothem-carbon-isotope-based temperature
records

The speleothem 8'3C record from some mid-latitude regions
can also be used for temperature reconstructions (e.g. Held
et al., 2024). The temperature sensitivity is well documented
over TI, where in coastal Northwest Iberia the NISA §13C
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records vary inversely with regional temperature records
from marine archives (Stoll et al., 2023). Multiproxy pro-
cess modelling suggests that the correlation arises because
higher temperatures increase vegetation productivity in this
region, enhancing soil CO, production as well as an over-
supply of CO; to karst waters, both of which result in more
negative speleothem & 13C values (Lechleitner et al., 2021;
Stoll et al., 2022, 2023). Speleothem §'*C values can further
be impacted by the process of “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 dur-
ing the growth of a speleothem can alter the trends in the
speleothem §'3C. 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 in the
speleothem 8'3C. Using speleothem Mg/Ca, it is now pos-
sible to quantitatively remove the impact of variable PCP on
speleothem 8'3C time series to reconstruct the temperature-
sensitive initial variations in §13C of dripwaters (Stoll et al.,
2023). Since the 8'3C of dripwater acquired through the equi-
libration of rainwater with soil gas and bedrock dissolution
is what encodes the temperature signal and is of primary in-
terest to us, here we “correct” for the additional karst and
in-cave influence of degassing and PCP on the §'3C value by
plotting the 813Ceopr for select records (Genty et al., 2003,
2006) (Fig. S4 in the Supplement). Further method details
can be found in Stoll et al. (2023). The Termination II La
Vallina cave Garth speleothem record and the Termination
III Ejulve cave ARTEMISA speleothem record 8'3C records
have been discussed in the paper. These are indicated by the
y-axis label “813Ceon”” in the figures.

3 Speleothem records of diverse climate aspects
over terminations

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

3.1 Records of surface ocean freshening

Changes in the 818 Ogeawater Of the moisture source for caves
and dripwaters may be the dominant signal in speleothem
8180 in some settings. The §'80 in speleothems from coastal
caves in Northwest Spain (NISA) is dominantly controlled
by the 8180geqwater Of the eastern North Atlantic, as docu-
mented in comparison with independently dated 818 0geawater
records from foraminifera over TI (Stoll et al., 2022). Rain-
fall monitoring at this cave location shows that the slight
decrease in rainfall §'80 with decreasing temperature ap-
pears to be of similar magnitude but opposite in sign to the
temperature-dependent fractionation between dripwater and

Clim. Past, 21, 1633—-1660, 2025

calcite, leaving the 8180geawater Of the North Atlantic Ocean
as the main signal expressed by the speleothems (Stoll et
al., 2015, 2022). Because of its proximity to the source of
meltwater release, the §'8Ogcawater Of the surface ocean in
the North Atlantic experiences a higher-amplitude change in
8180¢eawater ACTOSS a glacial cycle and may record transient
millennial-scale events in the §'8Ogawater- Over TII, NISA
speleothems provide a record of the timing of deglacial fresh-
ening of the eastern North Atlantic with a §'30 amplitude of
~ 2.5 %o. Other coastal caves on the Atlantic margin, such as
Villars Cave (Fig. S1), may also be dominated by the change
in isotopic composition of the North Atlantic.

Similarly, the §'30 in speleothems from Sofular Cave, bor-
dering the Black Sea in northern Tiirkiye, is inferred to be
most strongly influenced by the § 1804eawater 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 §'80 during peri-
ods of Eurasian ice sheet retreat with up to 10 %o freshening
signal in the surface of the Black Sea (Held et al., 2024; Weg-
werth et al., 2019).

In addition to ice volume meltwater effects, in some set-
tings, changes in rainfall patterns may also lead to changes
in the 8'8O0geawater Of the surface ocean moisture source. In-
creased local or regional precipitation relative to evaporation
may lead to freshening and more negative 8180seawater of
surface waters. This effect may potentially augment the ten-
dency for hydrological fractionation to generate more nega-
tive rainfall §'80 with higher rainfall amounts (e.g. Breiten-
bach et al., 2010).

3.2 Temperature-sensitive records from speleothem
carbonate oxygen and carbon isotopes

The §'30 of precipitation decreases appreciably by Rayleigh
distillation with progressive rainout as moisture-laden air
masses move inland and to higher altitudes (Alley and Cuf-
fey, 2018; Dansgaard, 1954, 1964). Colder temperatures both
increase the fractionation and accelerate rainout, so colder
temperatures lead to decrease in the precipitation §'30 at in-
land, high-altitude and high-latitude locations in regions with
mean annual temperatures lower than about 10 °C (Denton
et al., 2005; Harmon et al., 1979; Rozanski et al., 2013).
Speleothem 8'80 records from these regions provide infor-
mation on the timing of temperature change but not absolute
temperatures.

In the European Alps and Iberian Range, this tempera-
ture control on Rayleigh distillation leads to a dominant tem-
perature effect on speleothem §'30 producing anomalies of
~ 3 %o. Consequently, records from central Europe (Sieben
Hengste, Schneckenloch, Schafsloch, Holloch im Mahdtal,
Abaliget, Spannagel) and the Iberian Range (Ejulve) exhibit
the lowest 8'80 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

https://doi.org/10.5194/cp-21-1633-2025
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magnitude of regional North Atlantic 818 0eawater change
over terminations is also imprinted on these records. For
TII, we illustrate the signal when this regional 818 0geawater
component is subtracted from these records using the NISA
coastal Iberian record (Fig. S3). In contrast to the origi-
nal §'80, which featured an apparent warm signal during
TII, then cooling prior to late deglacial warming, the cor-
rected Abaliget record features a stable cold glacial period
until the final deglacial warming. The early deglacial warm-
ing in the Schneckenloch record is amplified by this cor-
rection. We further refer to these regional source-corrected
trends in Sect. 4.1. The temperature-sensitive La Vallina
cave Garth §'3Cgo record from the NISA coastal Iberian
record supports a two-step warming (135 and 129ka re-
spectively), where the older warming step has no corre-
sponding data from the corrected Abaliget record, but the
younger warming step lines up with the Abaliget record
(Fig. 4). The absence of an equivalent absolute dated record
of North Atlantic §'8Ogeawater €volution in prior terminations
precludes regional correction of temperature equivalent Eu-
ropean records in TIII or older at this time; instead the global
ice volume correction has been applied to these records. Sim-
ilar to TII, the TIII Ejulve cave temperature-sensitive & BCeorr
record from the Iberian region extends the available temper-
ature data for this termination from Europe (Fig. 4). Where
multiple ocean moisture sources with different rainout ex-
tents contribute to precipitation over a cave site, changes in
the relative significance of the two moisture sources may in-
fluence the §'80 of precipitation in addition to the temper-
ature control. This has been proposed for the joint Mediter-
ranean and Atlantic sources to the Iberian Range cave sys-
tems (Pérez-Mejias et al., 2017).

In western North America, the 880 record of Lehman
caves (Nevada) is also most sensitive to regional tempera-
tures producing a §'80 anomaly of ~ 2 %o (Fig. 4). Isotope-
enabled general circulation model (GCM) simulations of pre-
cipitation § 180 at the Last Glacial Maximum (LGM) and the
preindustrial period reveal a net decrease in § 180precip inland
at the LGM, compensating for higher glacial §'30 of sur-
face 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 vol-
ume correction is the relevant one for accounting for isotopic
changes in the ocean moisture source region, but this correc-
tion has minimal effect on the trends.

3.3 Other temperature records

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 em-
ployed for temperature reconstructions. Calibrations to ab-
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Figure 3. Map showing locations of cave sites with speleothem
temperature records covering terminations using methods such as
degassing corrected § 13¢; fluid inclusion hydrogen and oxygen iso-
topes; clumped isotope thermometry; ratios of glycerol dialkyl glyc-
erol tetraethers (GDGTs) such as TEX86; noble gas content; and
homogenization of fluid inclusions. Further record information can
be found in Table 2.

solute 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 often additionally have reasonably large
errors, and the data from these proxies are not yet available
in the SISAL 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.
While multiple parameters are sensitive to temperature,
because they capture the signal in different parts of the
atmosphere—land surface and cave system, they may record
different seasons and therefore potentially also different am-
plitudes of temperature change. Cave temperatures, which in
most settings reflect mean annual temperature, are recorded
by TEX86 (Matthews et al., 2021; Nehme et al., 2020;
Wainer et al., 2011) and fluid inclusion micro-thermometry
(Meckler et al., 2015). Oxygen isotopes measured in calcite
or fluid inclusions and hydrogen isotopes in fluid inclusions
will reflect the temperature influence on atmospheric pro-
cesses but biased to the season contributing most to drip-
water infiltration, which will vary by setting. For example,
the Hungarian cave study by Demény et al. (2021) uses win-
ter half-year rainfall $2H—temperature relationship for recon-
struction while using similar §’H methods, the Wilcox et
al. (2020) study from the Swiss Alps uses an annual rainfall
8?H—temperature relationship. The initial carbon isotopic ra-
tio set by soil and vegetation processes may be recorded with
seasonal bias if stalagmite deposition has a seasonal bias.
Despite their lower temporal resolution, one advantage of

Clim. Past, 21, 1633-1660, 2025
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Table 2. Table giving information on 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. Cave locations are shown in Fig. 3.

Site name Entity name Termination  Glacial temperature  Interglacial temperature ~ Method Citation Comment
Hungarian caves ZEP, BAR-II, T 2.8(£1.6) 10.2(£1.6)  Fluid inclusion hydrogen (Demény et al., For this study, three lowest and three
(Abaliget, Baradla, BNT-2, AJ-1, isotopes 2021) highest temperatures in the time period
Beke, Ajandek) ABA-1, ABA-2 from 140 to 120 kyr BP were averaged to
give the glacial and interglacial
temperatures respectively.
TII 7.5(£1.6) Little temperature variability between
250 to 230 kyr BP. The average of all
measurements is given here.
Schrattenkarst M37-1-23A, TII 1.5(£0.5) 5.8(%£1.4) Fluid inclusion hydrogen (Wilcox et al., 2020)  Glacial temperature estimated from
M37-1-16C, isotopes Fig. 2 in the publication and taken as the
M37-1-16A, one at 131 kyr BP. Interglacial
M6-73-3 temperature calculated based on value
above glacial as stated in the publication.
Villars Vil-car-1 TII 550r79(£1.9) 18.90r22.9(+1.9) Fluid inclusion oxygen (Wainer et al.,, 2011)  Values as given in the conclusions of the
isotopes, clumped isotopes paper.
and modern observations.
Soreq Soreq T 10-12(£2) 20-22(+2) Fluid inclusion oxygen (Matthews et al., Values as given in the Abstract and
speleothems isotopes and clumped isotope 2021) Conclusions of the paper. Errors
thermometry. estimated from Fig. 8b of the paper.
Pentadactylos Pentadactylos TII 14.7(£2.7) 30.6(£2.7) Fluid inclusion oxygen (Nehme et al., 2020)  Coldest values from ~ 141 to 127 kyr BP
(Penta-1 and isotopes and clumped isotope as given in the publication considered to
Penta-2) thermometry. be glacial values. Value for 127 ka as
given in the publication considered to be
the interglacial value.
Jiangjun 110403, JJ0406 TII 15.7(£0.5) 19.8(£0.5) TEX86 (Wassenburg et al., For this study, three lowest and three
2021) highest temperatures in the time period
from 140 to 120 kyr BP were averaged to
give the glacial and interglacial
temperatures respectively.
Whiterock WR5 TV 19(£1) 22.5(£1) Average of several methods: (MecKler et al., Temperatures and errors for the period
noble gas, clumped isotope, 2015) from 440 to 420 kyr BP estimated from

homogenization temperature,
fluid inclusion oxygen and
fluid inclusion hydrogen
isotopes

Fig. 9 of the paper.
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Figure 4. Ages covering Termination II in kiloyears before 1950
(kyr BP) are plotted against proxy measurements to discuss the se-
quence of events. The direction of the y axis for each figure has
been selected so that up points to warmer or wetter climates. Age—
depth model uncertainties where available are plotted as grey shad-
ing on the proxy plots. 81800y refers to the record which has been
previously corrected using the regional ice volume correction (see
Sect.2.2).6 13CCorr refers to a record which has been previously cor-
rected for degassing (see Sect. 2.3). Since these corrections involve
binning data, no age—depth model uncertainties have been plotted
for these records. (a) Insolation curve in Wm~2 is the summer
half-year caloric insolation as provided in Tzedakis et al. (2017).
This metric for insolation was selected because it accounts for the
effect of both precession and obliquity on northern latitude insola-
tion. (b) La Vallina, (¢) Dongge (orange) and Tonnelnaya (blue),
(d) La Vallina, (e) Abaliget, (f) Corchia, (g) Lehman, (h) Bittoo
(blue) and Xiaobailong (orange), and (i) Diamante cave records
have been plotted. Interpretations of these records have been sum-
marized beside each subplot. Further information on the records can
be found in Table 1. Cave site locations have been plotted in Fig. 1.
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fluid inclusion §'80 measurements is that unlike §'30 calcite
records, the interpretation of fluid inclusion 880 does not
require assumption of constant §'30 water—calcite fraction-
ation. The reliability of fluid inclusion analytical methods is
improving with techniques to correct for analytical evapora-
tion effects (Fernandez et al., 2023).

Over TII, these records include the Schrattenkarst (Wilcox
et al.,, 2020) and the Hungarian cave temperature recon-
struction (Demény et al., 2021) using fluid inclusion hy-
drogen isotopes, which suggests a temperature increase of
4.8(£1.9) and 7.4 (% 1.6) °C respectively. The Villars cave
record, which is located much closer to the coast, suggests a
higher temperature increase of 15 (£ 1.9) °C using a combi-
nation of fluid inclusion oxygen isotopes and clumped iso-
tope thermometry (Wainer et al., 2011). The South Europe,
Soreq (Matthews et al., 2021) and Pentadactylos (Nehme et
al., 2020) temperature records have similarly been recon-
structed using fluid inclusion oxygen isotopes and clumped
isotope thermometry and show similarly higher temperature
increases of 10 (£ 2) and 15 °C (4 2.7) respectively over TII.
The Jiangjun cave record from the EASM region has been
reconstructed using TEX86 and shows a moderate temper-
ature increase of 4.1 (£0.5)°C (Wassenburg et al., 2021).
For this termination, the records suggest that temperature in-
crease is highest in speleothem records along the Atlantic
and Mediterranean coasts, and the temperature progressively
decreases into the Alps and into the EASM region.

For the older terminations, very few such speleothem tem-
perature records are available. The Hungarian cave study
(Demény et al., 2021) suggests that unlike TII, there was lim-
ited temperature variability during TIII. The SE Asian White-
rock 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) °C over
TV.

3.4 Records of hydroclimate
3.4.1 Monsoon regions

The oxygen isotopic composition of speleothems from the
monsoon regions (ISM, EASM, SE Asian and South Amer-
ican) provides a powerful indicator of monsoon variabil-
ity 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 iso-
topic anomalies (2 %S5 %0) and excellent age control. Where
the signal amplitude is small, ~ 2 %o, for example in the
case of South American and SE Asian monsoon records,
the impact of ice volume correction on speleothem §'30 de-
creases the glacial-interglacial hydrological signal magni-
tude by ~ 0.5 %o—1 %o (Fig. S3).

While large-amplitude orbital changes in §'30 precipi-
tation can be confidently inferred in many monsoon sys-
tems, relating the §'80 variability to specific climatic param-

Clim. Past, 21, 1633-1660, 2025



1646

eters such as rainfall amount, rainfall seasonality, or mois-
ture source in the different monsoon regions has been more
complicated. Multiple processes may affect the §'30 of rain-
fall and dripwater, including the ocean moisture source iso-
topic ratio, and the temperature and humidity in the mois-
ture 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 ca-
pacity of air parcels is dependent on temperature (Dansgaard,
1964), seasonality of precipitation (e.g. Chiang et al., 2020)
and the intensity of deep convection (Risi et al., 2008).

In the ISM and EASM systems, the high-amplitude oxy-
gen 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 hydro-
gen isotope ratio of fluid inclusions have been measured di-
rectly, removing the influence of temperature which affects
the speleothem calcite s180 (Meckler et al., 2015; Wassen-
burg et al., 2021). At the eastern extremity of ISM region,
fluid inclusions indicate that dripwater decreased in §'30
by 4 %5 %o over the deglaciation of TII as a consequence
of the hydrological factors discussed above (Wassenburg et
al., 2021), and independent measurements confirm temper-
atures shifts contributed only ~ 1 %o change in oxygen iso-
topic variability of the speleothems. In the large-amplitude
ISM and EASM termination signals, the ice volume correc-
tion is a very small fraction of the signal.

To first order, the lower speleothem 8180 values in EASM
and ISM during interglacials reflect higher temperatures in
interglacial times, which increases the moisture carrying ca-
pacity of air parcels and resulting increase in rainout up-
stream of the cave region and in the cave region itself (Liu et
al., 2014), enhanced by changing internal monsoon dynam-
ics (Sinha et al., 2015). 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 gen-
eral circulation simulations suggest that persistence of wet
conditions reflect the role of land surface and ocean feed-
backs 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 negative interglacial §'Oprecip in the
ISM domain is dominantly driven by the isotope amount
effect of enhanced deep convection. In contrast, the dom-
inant driver of the more negative EASM § 180precip is the
increased rainout along the moisture pathway between the
Indian Ocean and the EASM region. In models, the coher-
ent pattern of lower interglacial speleothem 830 in the ISM
and EASM regions is reflective of continental-scale hydrocli-
mate response marked not by uniform increase in amount of
precipitation but rather by intensified convection and rainfall
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over the ISM and a northward-shifted Westerly jet, leading to
increased rainfall in the northern EASM but reduced rainfall
in the southern EASM (He et al., 2021). Models also suggest
that periods of weakened Atlantic Meridional Overturning
Circulation (AMOC) cause a coherent positive §'80 anomaly
across the ISM and EASM region due to decreased convec-
tion over the ISM and decreased rainout between the Indian
Ocean and the EASM domain with a southward shifted West-
erly jet.

Similar to the ISM region and the northern EASM re-
gion, the SE Asian speleothem records shift to more negative
8180 values, which are representative of wetter conditions
and circulation changes during interglacials (Kimbrough et
al., 2023; Meckler et al., 2012; Parker et al., 2021). These
records are from small islands near the Equator. In this set-
ting, the glacial-interglacial temperature changes have been
found to be in the range of 4-5°C (Meckler et al., 2015),
which, given a 2% change in speleothem §'80, suggests
only about a 1 %o change in dripwater (and fluid inclusion)
8180. The depleted values during glacial times may partially
result from increased land exposure counteracting the impact
of more positive seawater §'80 values from glacial enrich-
ment at source (Meckler et al., 2012). Since the Green Cathe-
dral cave records are located ~ 5° north of the Equator while
the Abadi cave records are located ~ 5° south of the Equa-
tor, the records suggest that during glacial times, the tropi-
cal rain belt was shifted even further below 5° 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 (Di Nezio et al., 2016; DiNezio and
Tierney, 2013; 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).

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 %o) to increased §'80 thought to re-
flect a shift from relatively wet to moderately dry conditions
during the interglacial. The impact of ice volume correction
on speleothem §'80 dampens the glacial anomaly, resulting
in a decreased glacial-interglacial hydrological signal mag-
nitude by ~ 0.5 %o—1 %o. The dominant moisture delivered to
the west Amazonian site is thought to be recycled transpira-
tion water from the Amazon basin (25 %—60 % based on dif-
ferent moisture-tagging studies), which is a non-fractionating
process, so that the actual rainfall decrease at the west Ama-
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zonian site may be even lesser than suggested by the §'30
change (Cheng et al., 2013).

3.4.2 Non-monsoon regions

Hydroclimate is also inferred to be the dominant control on
speleothem 830 variability in non-monsoon regions in Cen-
tral Asia, parts of southern European and the Middle East.
The oxygen isotope variability of Central Asian records is
controlled by the north—south movement of the Westerly Jet,
which controls moisture source location with warm periods
corresponding to longer transport pathways and lighter §'30
values (Liu et al., 2015).

In western Italy, warmer sea surface and air temperatures
during interglacials are believed to promote greater rainfall,
leading to more depleted speleothem §'80 values, reflected
by a 8'80 anomaly of ~ 3 %o (Drysdale et al., 2009). Over
terminations, the western Italy Corchia cave record is also
affected by changes in the 8180eawater Of the North Atlantic
as well as western Mediterranean, which are the dominant
moisture sources. Over TII, the removal of the regional east-
ern North Atlantic §'80 variation (from NISA Garth record)
provides a pattern of enhanced interglacial rainfall compared
to glacial reflected by a §'80 anomaly of ~ 3 %o but a notable
millennial-scale anomaly of 2 %o, suggesting a transient pe-
riod of extreme aridity at the onset of the termination (Fig. 4).

The Middle Eastern stalagmite 8'30 records from Soreq,
Jerusalem West and Peqiin caves (Fig. S1) reflect changes
in precipitation amount and more depleted §'80 values,
suggesting increased precipitation during interglacial times
(Bar-Matthews et al., 2003, and references therein). An ad-
ditional source water composition effect has also been sug-
gested, with evaporation in the semi-closed Mediterranean
amplifying the meltwater signal (Frumkin et al., 1999).

In eastern North America, the 8§30 record of Buckeye
Creek Cave is thought to reflect the annual balance of mois-
ture between Gulf of Mexico or continent-sourced heav-
ier 8180precip during the summer and Pacific-sourced lighter
) 1SOprecip during the winter. A similar mechanism is thought
to play out on longer glacial-interglacial timescales, with
glacial times of more light SISOprecip Pacific moisture trans-
port and interglacial timescales of more heavy Gulf of Mex-
ico/continental moisture transport (Cheng et al., 2019; Hardt
et al., 2010). The amplitude of the signal is small, ~ 1 %c—
2 %o, and the signal is further dampened by ice volume cor-
rections. The ice-volume-corrected Buckeye Creek record
suggests an earlier and more continuous return to glacial con-
ditions 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
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across the termination given the uncertainty in the individ-
ual speleothem chronologies. In cases where the ice volume
effects have minimal impact on the timing of events (as pre-
viously detailed in Sect. 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 termi-
nations.

4.1 Termination Il

Insolation begins rising around 137kyr 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 135.6 (4 1.2) kyr BP, synchronous
with a positive shift in the EASM 830 by 135.6 (+0.4/ —
0.6) kyr BP. Such a positive shift in the EASM is conven-
tionally interpreted as the onset of a “weak monsoon inter-
val” (Cheng et al., 2016a), potentially reflecting a southward
shift of the Westerly jet reflected by the Central Asian winter-
precipitation-driven Tonnelnaya record (Cheng et al., 2016b)
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 includ-
ing on the millennial scale, as hypothesized previously. The
available ISM records do not resolve this millennial struc-
ture. This trend to higher §'80 in the EASM records is inter-
rupted by a centennial scale strengthening of the monsoon at
134.7 kyr BP that is clearly seen in the Hulu cave record.

An early warming step is detected in the South European
NISA record at 135.4 (& 1.4) kyr BP within error of the North
European Schneckenloch record at 134.5(% 1.7) kyr BP.
When comparing records across different systems, the ab-
solute chronological uncertainties suggest that the freshen-
ing and initial onset of warming in South Europe may be
within error of each other. However, when comparing in a
single stalagmite the freshening signal derived from the §'30
proxy and the temperature signal derived from the 8!3C 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 133.6 (£ 2.4) kyr BP, with a
progressive increase in rainfall in West Italy (Corchia cave)
following a sharp aridity event at this location. The grad-
ual 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 129.0 (£ 0.7) kyr BP. Within the chrono-
logical uncertainties this event is simultaneous in the Cen-
tral Asian and the ISM, as well as the final step of abrupt

Clim. Past, 21, 1633-1660, 2025



1648

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 sig-
nal 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).

4.2 Termination IlIA

The onset of increased insolation is seen by 229.0 kyr 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 229.1(+2.0/ — 1.5)kaBP. A positive §'80 anomaly in
the EASM Sanbao record starting at 228.6 kyr BP coincides
with the onset of freshening and may reflect weakened in-
tensity of the ISM and decreased rainout. An early warming
step in the European Alps (Spannagel) is seen nearly syn-
chronously with the onset of the Sofular freshening event
at 229.1 (£ 0.2) kyr BP. Subsequently the southeastern North
American record suggests the onset of a gradual Gulf of
Mexico warming (Buckeye Creek) at 227.0 (£ 2.1) kyr BP.
Shortly thereafter (or synchronously given the errors), there
is continued intensification of the ISM centre convection,
manifest as progressive depletion of EASM §'80, reach-
ing typical interglacial values by 225.8 (+-11.3/—7.2) kyr BP.
There is also an increase in Westerlies driven by summer pre-
cipitation in the Central Asian Kesang cave at 225.1 kyr BP.

The SE Asian Abadi cave record (located at 5°S)
shows a gradual reduction in monsoon strength between
229.8(£2.4) and 219.2 (£ 1.1) kyr BP during the rise in in-
solation and the Sofular freshening event. In western trop-
ical South America, this time period is marked by an in-
crease in moisture recycling (less upstream rainout) recorded
in Diamante Cave. While the Central Asian Kesang and Ton-
nelnaya cave 8'80 records are coherent when examined on
longer timescales and are similar to EASM records during
TII, over THIA, the Kesang record does not manifest a pos-
itive 8'80 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
THIA in comparison to TII. One distinct though still low-
amplitude signal is a period of reduced monsoon strength
from 221.2 (£ 0.9) to 218.7 (= 0.6) kyr BP.

The final, strong North Europe warming coincides with the
end of the Sofular freshening signal at 217.3 (= 2.0) kyr BP.
The SE Asian monsoon strength (Abadi Cave) begins
to increase at this time, together with a parallel re-
duction in Westerlies-driven summer precipitation (Ke-
sang). The EASM experiences a transient positive 880
anomaly at 218.3 (& 1.7) kyr BP, and the abrupt recovery at
217.4 (£ 1.3)kyr BP is coincident with final North Europe
warming.
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Figure 5. Ages covering Termination IIIA in kiloyears before 1950
(kyr BP) are plotted against proxy measurements to discuss the se-
quence of events. The direction of the y axis for each figure has been
selected so that up points to warmer or wetter climates. Age—depth
model uncertainties where available are plotted as grey shading on
the proxy plots. (a) Insolation curve in Wm—2 is the summer half-
year caloric insolation as provided in Tzedakis et al. (2017). This
metric for insolation was selected because it accounts for the ef-
fect of both precession and obliquity on northern latitude insolation.
(b) Sofular, (c¢) Spannagel, (d) Buckeye Creek, (e) Kesang, (f) San-
bao, (g) Abadi and (h) Diamante cave records have been plotted.
Interpretations of these records have been summarized beside each
subplot. Further information on the records can be found in Table 1.
Cave site locations have been plotted in Fig. 1.
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214.3 (£ 0.4) kyr BP marks the end of the warming event
in the European Alps, with a 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.

4.3 Termination Ill

The onset of increased insolation is seen by 253.0 kyr BP
(Fig. 6). No freshening records are available for TIII. A
brief transient positive shift in the EASM 8'30 centred at
252.2kyr BP suggests weakened convection intensity and de-
creased rainout between Indian Ocean and EASM region.
This period is also seen as a departure to more positive §'30
values in the ISM and SE Asian monsoon (Green Cathedral
(5° N)) cave records, which reflect decreased regional precip-
itation and changes to circulation. A longer transient positive
shift in the EASM record is seen from 248.2 to 243.2 kyr BP.
The European Ejulve cave record shows gradual warming be-
ginning at 248.6 ka BP interrupted by shorter cooling events
centred at 243.9 and 241.7 ka BP respectively. A prominent
warming step is seen in the Alpine Spannagel cave record,
which only partially covers TIII at 242.5 (£ 0.3) ka 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 de-
crease in Westerlies-driven summer precipitation, though this
record has a very low resolution. At the same time, and again
conversely to TIITA, 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 %eo.

Coinciding with the prominent warming step seen in the
European cave records ~ 242.0kaBP, there is an increase
in EASM monsoon strength at 243.2 (& 0.5) ka BP. The ISM
and SE Asian monsoon strength also change around the same
time period but have large chronological errors, which pre-
cludes further discussion on their place in the sequence of
events. Similarly, the changes to a 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 temper-
ature change in the Alps.

44 TIVand TV

Speleothem records of TIV and TV are only available from
the EASM region (Sanbao cave) and the SE Asian monsoon
region (Abadi and Green Cathedral caves respectively). No
freshening records are available for these terminations. Sim-
ilar to TII and TIII, the EASM records indicate weak mon-
soon periods at the onset of insolation increase. Both EASM
and SE Asian monsoon records recover around the same time
near peak insolation.
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Figure 6. Ages covering Termination III in kiloyears before 1950
(kyr BP) are plotted against proxy measurements to discuss the se-
quence of events. The direction of the y axis for each figure has been
selected so that up points to warmer or wetter climates. Age—depth
model uncertainties where available are plotted as grey shading on
the proxy plots. 813Ccorr refers to a record which has been previ-
ously corrected for degassing (see Sect. 2.3). (a) Insolation curve
in Wm~2 is the summer half-year caloric insolation as provided
in Tzedakis et al. (2017). This metric for insolation was selected
because it accounts for the effect of both precession and obliquity
on northern latitude insolation. (b) Ejulve, (¢) Spannagel, (d) Buck-
eye Creek, (e) Kesang, (f) Xiaobailong, (g) Sanbao and (h) Green
Cathedral cave records have been plotted. Interpretations of these
records have been summarized beside each subplot. Further infor-
mation on the records can be found in Table 1. Cave site locations
have been plotted in Fig. 1.
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5 Discussion

5.1 Similarities and differences in components of the
climate response among terminations

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).

Both the NISA and Sofular §'30 are inferred to track the
release of isotopically light meltwater from Northern Hemi-
sphere ice sheets, albeit in different regions, and in both TII
and TIITA, meltwater release happens similarly early in the
termination prior to the warming in North Europe and recov-
ery of the EASM. The differences in magnitude of the §'30
signals in NISA and Sofular are a manifestation of the dif-
ferent sources of moisture for the two records rather than a
reflection of the differences between terminations, since the
NISA records the ~ 2 %o freshening of the North Atlantic
as having altered the source composition by ~ 2 %o (Stoll et
al., 2022), whereas a combination of factors including the
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 contributes to the strongly depleted §'30
values of the Sofular cave record (Badertscher et al., 2011,
and references therein).

European temperature records are available from Abaliget
and NISA for TII, Spannagel for TIIIA, and Ejulve and
partially Spannagel for TIII. Once the ice volume correc-
tion from the NISA record has been applied to the Abaliget
record, the structure of the record is similar to the §13C-
based temperature record from NISA (Fig. 4). Currently, no
similar North Atlantic specific correction can be made for
the Spannagel 8'30 record from TIIIA and TIII or Ejulve
in THI; in the measured records, times of meltwater ar-
rival in the North Atlantic could mask early warming steps
during the times of apparently stable §'80 between 228
and 215kaBP in TIIIA and 242 to 247kaBP in TIII. For
TIII, the Ejulve cave 8'3C-based temperature record pro-
vides this information instead, with a two-step temperature
increase at 248.6 and 242.5 ka BP respectively. While these
records provide excellent information on the timing of tem-
perature change, they can provide only a limited estimate
of change in absolute temperature. For this we must look
to other speleothem records such as fluid inclusions instead.
The Hungarian cave fluid inclusion records (see Sect. 3.3) are
roughly from the same region and elevation as the Abaliget
record at (~ 450 and 200 m a.s.l. respectively) and suggest
a temperature change of 7.4 °C. The Schrattenkarst fluid in-
clusion record for TII is available from a similar region and
elevation (~ 2000 m) as the Spannagel cave record and sug-
gests a temperature change of 4.8 °C. Only the Hungarian
cave fluid inclusion record is available for TIII and suggests

Clim. Past, 21, 1633—-1660, 2025

very limited temperature variation at least in this region and
at this elevation. This is unlike what is suggested by the Span-
nagel cave §'80 record.

The EASM records from Sanbao and Dongge together
cover all terminations, with Sanbao records in particular
available for all terminations. To some extent, the speleothem
records reflect insolation changes, with TII, TIIIA and TIV
showing the most distinct §'80 anomalies. TII shows the
most abrupt change in §'0 and lasts for ~ 6.9 kyr from the
initial weak monsoon event to monsoon recovery. TIV is sim-
ilar to TII in structure and lasts for ~ 7.1 kyr. The peak weak
monsoon event for TV seems to last only 2.2 kyr. TII, TI-
ITA and TIII show prominent millennial event structures dur-
ing terminations. Although from the same region, the records
are from different stalagmites with different sampling reso-
Iutions and age uncertainties; nevertheless, they provide an
opportunity to examine why the terminations may have dif-
ferent structures in the same region (Cheng et al., 2009).

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 termi-
nations. 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.

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

The detailed analysis of available speleothem records cov-
ering terminations in this study allows us to provide a more
structured interpretation of the sequence of events (Fig. 7).
The three terminations, namely, TII, TIIIA and TIII, show a
common sequence among some events. In all these termina-
tions, there are two groups of events which are largely out
of age uncertainty of the other. The first group of global se-
quence of climatic events is represented by the onset of inso-
lation increase, onset of freshening, weakening of the Asian
monsoon, and the 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 freshen-
ing, near peak insolation, including monsoon recovery and
the 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 possible to identify the sequence
of events with finer detail. These records provide promis-
ing targets for understanding climate dynamics and for mod-
elling 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 §'80 and §'3C records
available for TIIL.

The sequence of events, if bookended by weakening and
recovery of the monsoon, seems to cover ~ 8.0 kyr. However,
because the different terminations feature speleothems from
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Figure 7. Sequence of global climatic events over terminations. Ages and chronological uncertainties are represented on the x axes. The
amplitude of insolation change and the oxygen isotope changes that reflect the climatic events in speleothem records are plotted on the
y axes. Amplitudes are taken from Figs. 4-6 for the respective terminations, though only selected climate changes from these figures have
been represented here to avoid clutter and to aid discussion. Insolation is given with a black dashed line. Insolation curve in Wm~2 is the
summer half-year caloric insolation as provided in Tzedakis et al. (2017). This metric for insolation was selected because it accounts for the
effect of both precession and obliquity on northern latitude insolation. Europe temperature changes are in orange, Asian monsoon changes

are in blue and all other climatic changes are in maroon.

different regions, it is currently not possible to precisely eval-
uate variations in the duration of the different terminations or
processes that contribute to such variations.

5.3 Potential use of speleothems for tuning other
records — targets

Several approaches have been employed to transfer
speleothem chronologies to marine sediment records by tun-
ing marine proxies to regionally relevant speleothem §'30
records. Tzedakis et al. (2018) match the relative abundance
of temperate pollen in marine sediment records on the Iberian
Margin pollen with Corchia (Italy) speleothem §'80, assum-
ing a common rainfall amount signal dominates both records
(Fig. 8). This provides an independent, speleothem-tuned
chronology for other proxies recorded in the Iberian Mar-
gin sequence, such as the benthic 8180, and reveals how the
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chronology of events in the marine sediment core would be
shifted earlier by several thousand years compared to a ma-
rine age model based on tuning benthic 8'80 to stacks (e.g.
Spratt and Lisiecki, 2016).

Tuning of surface ocean 880 to speleothem records is also
widespread. Grant et al. (2012) tune planktonic §'80 from
the eastern Mediterranean region to speleothem 830 records
from Israel, assuming the signal of Mediterranean seawa-
ter 8'80 dominates both records. In the North Atlantic re-
gion, the NISA speleothem records of eastern North Atlantic
surface ocean 880 have been used to tune Iberian Margin
marine records of 8'30geawater derived from paired Mg/Ca
and oxygen isotope measurements of planktic foraminifera
(Stoll et al., 2022). Caballero-Gill et al. (2012) tune plank-
tonic 880 from the South China Sea (SCS) to the East Asian
Summer monsoon §'80, assuming that fresher conditions in
the SCS correspond to monsoon regimes reflected in lower
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Figure 8. Transferring the Corchia speleothem chronology to an
Iberian Margin marine sediment record by tuning the marine pollen
record to the speleothem §180 record. (a) Insolation curve in
Wm™2 is the summer half-year caloric insolation as provided in
Tzedakis et al. (2017). This metric for insolation was selected
because it accounts for the effect of both precession and oblig-
uity on northern latitude insolation. (b) The Corchia stack 8180,
(c) MD-01-2444 marine core pollen record tuned to the Corchia
stack chronology indicated by tie points in black triangle markers,
(d) MD-01-2444 marine core benthic 8180 on the Corchia stack
timescale as given in Tzedakis et al. (2018), and (e) the relative sea
level curve developed from a global benthic & 180 stack as given by
Spratt and Lisiecki (2016).
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speleothem 8'80. This chronology has been applied to eval-
uate 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 di-
rect insolation forcing or additionally from SST and ice vol-
ume 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 §'30, which can
be assumed to receive similar isotopic signals in precipita-
tion, may provide further opportunities to tune marine sed-
iment cores. Leaf wax §2H data are available in SE Asian
(Sumatra), EASM and South European (Mediterranean) re-
gions. Finally, emerging records of fluid inclusion thermom-
etry covering terminations also provide an opportunity to im-
prove 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 forc-
ing. Grant et al. (2014) tune millennial dust peaks in sedi-
ment records from the Red Sea with millennial “weak mon-
soon” positive anomalies in speleothem §'80 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 chronol-
ogy using common radionuclide production signals. The po-
tential for precise global speleothem chronologies to tune
Heinrich events in both Greenland and Antarctic ice cores
on the basis of major atmospheric circulation reorganiza-
tions has been proposed (Dong et al., 2022). Over orbital
timescales, EASM §!80 variations have been used to vali-
date the ice core age model, assuming EASM 8'80 corre-
lated with tropical rainfall and NH tropical wetland extent,
which would be reflected in the ice core methane concen-
trations (Suwa and Bender, 2008). Yet even when such dis-
tant correlation is based on strong common drivers of distal
signals, regional climate processes which are independent of
the common processes may add additional variability to each
record which complicates robust tuning. As more absolute
dated speleothem records emerge, it will be possible to more
rigorously evaluate the fidelity of these long-distance tele-
connections on varying timescales. More widespread, well-
dated speleothem records of terminations beyond TII are re-
quired, and development of marine proxy records with sig-
nals common to the speleothem records will continue to im-
prove the chronology of terminations.
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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 the skill of climate mod-
els in simulating teleconnections and feedbacks (Cheng et
al., 2009; Denton et al., 2010; He et al., 2021; Obase 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 TI1. Model outputs can
vary based on initial conditions; for example, the manifesta-
tion of millennial events surrounding terminations in model
simulations varies based on the sensitivity of different mod-
els 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 mod-
els, making a multi-model comparison more valuable (Bong
et al., 2024).

Isotope-enabled model simulations allow direct compar-
ison of rainwater §'80 simulated by models to calculated
rainwater §'80 from speleothems 8'80 and are run by
ECHAMS-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
reorganization of atmospheric circulation, even when there
are disparate regional responses to precipitation amount (Ca-
ley et al., 2014; He et al., 2021). Further, if models con-
firm, for example, that isotope anomalies in the Asian mon-
soon region are synchronous with the expansion and contrac-
tion of Northern Hemisphere tropical wetlands, this would
provide strengthened support for tuning ice core methane
records to the EASM speleothem chronology. By clari-
fying 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.

Since there is a protocol for isotope-enabled model com-
parison 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 cover-
ing this termination, TII can be a useful future target to un-
derstand climate dynamics using data—model comparison ap-
proaches.

6 Further work
Based on this study, we can now provide strategic future re-

search directions for speleothem research covering termina-
tions:
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— 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 on both temperature
change and freshening, they provide critical chronolog-
ical control on these two events. Further, since at least
some speleothems from this region allow for confocal
layer counting, it greatly increases our confidence in the
duration of events in this critical source region.

Speleothem 8'3C proxy records, particularly from tem-
perate regions, are showing great promise in recon-
structing past changes in temperature and rainfall when
coupled with other proxies such as Mg/Ca and calcium
isotopes. Such records from the particularly data-dense
Northern temperate regions would add great value to re-
search on terminations.

The Central Asian Tonnel’naya record provides the
clearest manifestation of changes to the Westerlies dur-
ing 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 to
track changes across other terminations.

The EASM region with its rich record of well-dated
highly resolved speleothems provides the best opportu-
nity to understand the difference in the internal structure
of termination events in speleothem §'80 records across
all examined terminations. Comparison of different in-
solation metrics and isotope-enabled modelling studies
possibly provides future directions to understanding the
variable internal structures, in turn providing a hint at
the differences in the forcings of different terminations.

Current available studies suggest that South American
speleothems provide our best opportunity of finding
well-dated records across terminations from the South-
ern Hemisphere. At the moment, the South American
records from the SISAL database cover only TII and
TIIA. Karst regions in the low latitudes in the South-
ern Hemisphere of the African continent remain under-
explored.

The North American Lehman cave record provides the
best data for temperature changes in this region. How-
ever, the Lehman caves record only provides informa-
tion for TII. The Devils Hole cave records obtained from
sub-aqueous speleothems are more likely to cover the
older terminations. However, these sub-aqueous records
initially generated debate on their chronological control,
which has 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 sur-
face to the site of the sub-aqueous record. Further karst
modelling studies can provide this information.
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— SE Asian speleothem records not only provide critical
information on changes over the Equator but possibly
also 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 termina-
tions. Further, speleothem U-Th 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 improve the parts of the records that cover termina-
tions, particularly targeting for example, NISA, North-
ern Europe and EASM records that are within uncer-
tainty 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 at-
tempted.

— More advanced time series methods such as change
point analysis can be used which consider full age un-
certainty ensembles.

— Records from other speleothem proxies such as trace el-
ement and §2>*U measurements are increasing in num-
ber and provide information on regional hydroclimate
and vegetation changes, providing a more complete pic-
ture of changing climate and environmental conditions
in response to termination events.

— Lastly, we can examine the expression of millennial and
more abrupt events during terminations.
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