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A B S T R A C T

The marine isotope stage (MIS) 5a to 4 transition (~74 ka) was associated with rapid ice sheet expansion,
declining moisture availability globally, and significant upheaval of terrestrial ecosystems across the northern
hemisphere. Here, we present precisely dated speleothem trace element records spanning ~90 to 70 ka from Dim
Cave (Southern Türkiye) which provide crucial information regarding the climate response to this transition from
the Eastern Mediterranean region. Trace element variability recorded in stalagmite DIM-E3 captures shifts in
detrital influx, bedrock dissolution, and soil activity that collectively record two climatic signals: (1) high
regional moisture availability between MIS 5c and 5b, and (2) increasingly arid conditions across the MIS 5a to
MIS 4 transition. Both are contemporaneous with evidence for severe drying recorded across the Eastern Med-
iterranean and Middle East, as well as Asia, Europe, South America, and the North Atlantic. These results shed
new light on the environmental consequences of rapid change in a climatologically sensitive region, and un-
derscore the significance of atmospheric teleconnections in propagation of abrupt climate variability during the
last glacial period.

1. Introduction

Understanding the timing, expression, and impacts of climate vari-
ability under pre-industrial conditions is a key goal of modern paleo-
climatology. Significant attention has been paid to exploring the effects
of this variability on global precipitation patterns (Marvel et al., 2019).
This is not only because information on past events can directly inform
models on which future global climate projections are based, but also
due to the severe socioeconomic upheaval that both drought and flood
events can cause (Mondal et al., 2023). Model projections forecast large
increases in the frequency and intensity of extreme precipitation events
across nearly all latitudes as a consequence of rapid,
anthropogenically-driven climate warming (Dai, 2013; Martinez-Villa-
lobos and Neelin, 2023). Thus, understanding what triggers these
events, the land–atmosphere interactions that drive their severity, and
the spatial scales upon which they occur is critically important (Bradley

and Diaz, 2021; Mondal et al., 2023).
Naturally occurring archives yield unique insights into the timing,

nature, and expression of climate variability many thousands of years
into the past. Composite marine (e.g., Lisiecki and Raymo, 2005), ice
core (e.g., Brook and Buizert, 2018; Jouzel et al., 2007), and speleothem
(e.g., Cheng et al., 2016; Moseley et al., 2014) isotope records suggest
the occurrence of five global-scale shifts between cold and warm climate
conditions during the last glacial period (~115–11 ka), termed Marine
Isotope Stages (MIS) based on their expression in marine sediment
stacks. Of the five shifts, the transition from MIS 5 to MIS 4 is particu-
larly intriguing due to its distinct and abrupt ‘switch’ to severe cold
and/or dry conditions affecting the South American Monsoon (Cheng
et al., 2013; Cruz et al., 2005; Deplazes et al., 2013), the Indian Monsoon
(Fleitmann et al., 2003; Kathayat et al., 2016; Kaushal et al., 2018), the
North Atlantic (Camuera et al., 2022; Lisiecki and Raymo, 2005; Ras-
mussen et al., 2014), and other domains. These conditions were a stark
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contrast to warm global temperatures high sea levels during MIS 5e
(~130–114 ka) (Past Interglacials Working Group of PAGES, 2016;
Regattieri et al., 2016; Stoll et al., 2022). The stable interglacial climate
of MIS 5e was followed by heightened variability in temperature, sea
level, and environmental conditions during MIS 5d to 5a, prior to the
arrival of strong glacial conditions during MIS 4 (Railsback et al., 2015).

The stepwise nature of the MIS 5-to-4 transition calls for a better
understanding of its impacts on the function, and structure, of different
terrestrial environments; particularly those with heightened sensitivity
to global-scale hydroclimate shifts (Mondal et al., 2023). One such re-
gion is the Eastern Mediterranean (Fig. 1). Located at the convergence
between the northern hemisphere westerlies and the sub-tropical anti-
cyclonic belt, it is a modern-day climate change ‘hotspot’ experiencing
precipitation shifts at a rate almost two times faster than the global
average over the past four decades (Kim et al., 2019; Zittis et al., 2022).
On pre-industrial timescales, drying in the Eastern Mediterranean
broadly corresponds to cooling in the North Atlantic, weakening of the
Asian monsoon, and drying in North Africa and mainland Europe
(Fleitmann et al., 2009; Mehterian et al., 2017; Rowe et al., 2012;
Stockhecke et al., 2016) – suggesting strong teleconnections that could
have produced equally severe perturbations in the region across the MIS
5a-to-4 transition (Stockhecke et al., 2016).

Studying the environmental consequences of abrupt climate change
in the EasternMediterranean is important not only for paleoclimatology,
but also for palaeoanthropology. New studies have highlighted the
importance of climate as driver of early Homo sapiens dispersal out of
East Africa and into Eurasia during MIS 5 (Bergström et al., 2021; Beyer
et al., 2021; Foerster et al., 2022; Schaebitz et al., 2021; Timmermann
et al., 2022), with evidence for hominin and faunal expansions into the
Levant corresponding to a wetter climate (Abbas et al., 2023; Bae et al.,
2017; Barzilai et al., 2022; Groucutt et al., 2021). A sudden shift to cold
and dry glacial conditions could have profoundly influenced the living
conditions of these populations, encouraging long-distance migration in
search of sufficient food and water (Schaebitz et al., 2021), and insti-
gating distinct anatomical, biological, and cultural adaptations (Foerster
et al., 2022). Constraining the timing and expression of this transition in
the East Mediterranean could thus provide new perspectives on the
conditions under which these early humans lived, as well as a broader
understanding of societal responses to abrupt climate variability.

Few paleoclimate records corresponding to MIS 5/4 transition are
currently available from the Eastern Mediterranean (Fig. 1). These take
the form of low/moderate-resolution sedimentary sequences from the
Mediterranean Sea (Ehrmann and Schmiedl, 2021; Grant et al., 2016),
terrestrial lakes (Gasse et al., 2015; Litt et al., 2014; Miebach et al.,
2019; Stockhecke et al., 2016), or the stable isotope (e.g., δ18O and/or
δ13C) records gleaned from speleothems growing in Karaca (Rowe et al.,
2012), Qal’e Kord (Mehterian et al., 2017), Soreq (Bar-Matthews et al.,
2003), and Sofular (Held et al., 2024) caves. The latter have demon-
strated that the pacing of the speleothem δ18O shifts are broadly com-
parable to ice core records, yet also highlight how the climatic signals
recorded by isotopes are far from simple to interpret; particularly in this
part of the world (e.g., Bar-Matthews et al., 2019; Vaks et al., 2006). For
example, low δ18O values in stalagmites from the west of the Eastern
Mediterranean have been interpreted to record surface cooling
(Fleitmann et al., 2009; Moseley et al., 2014), changes in moisture
source in the north-east (Rowe et al., 2012), the fractional loss of
moisture along the continental westerlies storm belt trajectory inland to
the east (Carolin et al., 2019; Mehterian et al., 2017), and changes in
precipitation amount on theMediterranean coast (Drysdale et al., 2007).
Quantifying trace element variability within these records can directly
complement the interpretations gleaned from stable isotopes (Fairchild
and Treble, 2009; Kern et al., 2019). Whereas the speleothem’s oxygen
isotope signal is generally a reflection of atmospheric processes (e.g.,
precipitation (Wong and Breecker, 2015)), and carbon isotopes of
variation in biogenic activity above the cave, water availability, or
vegetation type (Lechleitner et al., 2019), speleothem trace element
signals are derived from sources that are mainly terrestrial in origin,
meaning they can record climate-driven changes in soil conditions,
water-bedrock interactions, atmospheric composition inside the cave (e.
g., the partial pressure of CO2), and other environmental conditions
(Fairchild and Treble, 2009). This is particularly valuable for climato-
logically sensitive regions such as the Eastern Mediterranean, where
terrestrial conditions are directly influenced by diverse atmospheric
circulation patterns and meteorological processes (Zittis et al., 2022).

Here, we present a continuous, decadal-scale resolution record of
trace element variability in sample DIM-E3-A: a sub-section of stalag-
mite DIM-E3 extracted from Dim Cave (36◦32′N, 32◦06′E), and corre-
sponding to the ~90 and 70 ka interval (Fig. 2). Previous stable isotope

Fig. 1. Global distribution of major climate domains on Earth directly relevant to this study. Stars denote the locations of paleoclimate records referenced in this
study (details in Table S1). Also shown are seasonal boundaries of ITCZ migration adapted from Deplazes et al.(Deplazes et al., 2013), with dashed lines marking the
equator (dark grey), and tropics of Cancer and Capricorn (light grey). The location of Dim Cave is marked as a larger teal star.
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ratio analysis of this stalagmite covering the last glacial period (~90–13
ka) revealed oscillations in δ18O and δ13C interpreted as reflecting
millennial-scale latitudinal changes in the trajectories of westerly air
masses over the Eastern Mediterranean, their associated moisture
sources, and effects on ecosystem structure (Ünal-Imer et al., 2015,
2016). This study explores the extent to which the trace element
composition of this stalagmite provides information regarding the
timing, expression, and magnitude of climate variability across the MIS

5-to-4 transition (~90–70 ka) to ascertain how the global-scale climate
shifts documented across this transition affected the Eastern
Mediterranean.

Fig. 2. (a) Relief map of the Mediterranean basin, with the location of Dim Cave (Alanya; southern Türkiye) marked as a teal star. Blue arrows mark four primary air
mass tracks. All exert a measurable influence on the climate of the Eastern Mediterranean, but vary in moisture content and temperature, and hence rainwater isotope
composition: (A) a NE-SW trajectory coming from Russia, Caucasus and modified in the Eastern Mediterranean region by transit over the Black Sea, (B) a NW-SE
European trajectory across the Balkans; (C) a W-E Mediterranean (or North African coastal) trajectory where the air mass passes over the sea; (D) an inland Afri-
can trajectory travelling SW-NE (adapted from Ünal-İmer et al.(Ünal-Imer et al., 2015)). The Dim Cave site is affected predominantly by tracks by (2) and (3), due to
the shelter provided by the Central Taurus Mountains, separating the southern Türkiye from the central plateau (Ünal-Imer et al., 2015). (b) Projected profile of Dim
Cave re-drawn and simplified from an archived report of the General Directorate of Mineral Research and Exploration (Türkiye) (Gündalı, 1989). The growth location
of the DIM-E3 stalagmite is marked as a teal star. (c) Photograph of the stalagmite (DIM-E3) analysed here with a box showing the 90 mm long sub-sample DIM-E3-A
analysed in this study (320-230 mm from the stalagmite tip). Also shown is the age-depth model for DIM-E3-A used in this study, where black circles mark U–Th age
data (2σ uncertainties given as vertical bars). Teal shading marks 95% confidence intervals for the COPRA model age-depth interpolation (computed after Comas-Bru
et al., 2020)).
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2. Methods

2.1. Site & sample description

Dim Cave (also known as Gavurini Cave) is situated at 36◦32′N,
32◦06′E, 232 m above sea level in the Southern Dim River Valley
(Central Taurus Mountains) within the upper Alanya geological unit-
Yumrudağ Nappe (Okay and Özgül, 1984). The cave itself is comprised
of grey-dark grey, early Triassic faulted and recrystallized dolomitic
limestone (Gündalı, 1989). The cave is overlain by thin, nutrient-poor,
and water deficient soils. Regional vegetation is composed of mostly
red pine and scrubs (C3 type) typically found in Mediterranean climate
zones. The cave has a simple morphology consisting of a single main
horizontal passage ~360 m long and 10–15 m wide, terminating at a
small (~200 m2) subterranean lake on a bed of impermeable schist
(Fig. 2a) (Ünal-Imer et al., 2015). Relative humidity in the cave is>90%
and the temperature is 18–19oC, which is directly comparable to mean
annual temperatures recorded at the coastal station of Antalya, 130 km
WNW of Dim Cave and 50m above sea level (18.4oC; 1963–2004) (Rowe
et al., 2020). The area is characterized by a typical Mediterranean
climate, with warm to hot, dry summers and mild to cool, wet winters,
and a mean annual temperature of ~18oC.

Cave drip and pool water samples suggest that winter precipitation is
the dominant source of cave moisture, and that the stalagmite was fed by
well-mixed seepage flow (Ünal-Imer et al., 2015). This is consistent with
data recorded by the local meteorological station in Antalya Province,
which shows that the region receives >70% of its annual rainfall
(~1100 mm) between November and February, and ~98% between
October and May. During a recent monitoring study, a sharp cave CO2
reduction occurred in mid-August 2018 (Fig. S2) broadly coinciding
with a rainfall increase marking the start of autumn weather patterns.
These measurements suggest that cave air CO2 is probably driven by
seasonal shifts in cave versus outside air temperature, with cold (low
CO2) outside air flooding into the site when external temperatures drop
below cave air temperatures (Baldini et al., 2006; James et al., 2015).
Dim Cave is richly decorated with speleothems, from which production
of several high-resolution stable oxygen and carbon isotope records have
provided detailed information on past climatic and environmental
conditions in Southern Türkiye during the penultimate and last glacial
cycle: Dim-1 (~132–128 ka; Rowe et al., 2020), DIM-E2 (~13–10 ka),
DIM-E3 (~89–13 ka) and DIM-E4 (~14.5–12 ka) (Ünal-Imer et al.,
2015, 2016).

In this study we focus on stalagmite DIM-E3, which was collected
from Dim Cave in June 2012, ~250 m from the natural cave entrance
(Fig. 2b). Following collection the stalagmite was halved using a circular
saw, with one half micro-sampled along the growth axis for U-series
dating, stable isotope (δ18O and δ13C), and wet ICP-MS trace element
analyses at the University of Queensland (full analytical procedures
reported in Ünal-Imer et al. (2015). The resulting chronology suggests
that DIM-E3 grew continuously between 89.7 ± 0.4 and 13.3 ± 0.3 (2σ)
ka. Growth rates peaked at ~11.9 mm/kyr, with two periods of
distinctly slower growth also noted between ~72 and 63 ka and ~40–18
ka (~0.8 mm/kyr) (Table S2) (Ünal-Imer et al., 2016). In general,
columnar fabric in calcite implies competitive growth with occasional
breaks at crystal boundaries (or interfaces) and slow but constant drip
rates, whereas open and elongated types of columnar fabric indicate
faster flow (Frisia, 2015). Textural analysis of DIM-E3 confirms that
growth fabric of this stalagmite predominantly reflects water avail-
ability in the Dim Cave throughout the last glacial period (~90–11 ka)
(Ünal-Imer et al., 2016).

DIM-E3 consists predominantly of columnar calcite (C), alternating
between elongated columnar (Ce) columnar open (Co) fabrics (coding in
Frisia, 2015). The speleothem also contains several thin but clearly
defined aragonite layers between 245 and 230 mm depth (Fig. 2b–S2).
These layers are present as distinct bands spanning the width of the
sample, with sharp boundaries visible between the calcite and aragonite

structures fabrics (Ünal-Imer et al., 2016). The aragonite layers are also
identifiable by pronounced peaks in strontium (Sr), barium (Ba), and
uranium (U), owing to the orthorhombic crystal structure of aragonite
that preferentially incorporates larger cations relative to smaller cations
such as magnesium (Mg) (Wassenburg et al., 2016). These ionic size
differences cause considerable differences in the distribution co-
efficients of the calcite and aragonite sections (Domínguez-Villar et al.,
2017; He et al., 2021; Jamieson et al., 2016), complicating the inter-
pretation of the geochemical signals in terms of hydroclimate. Thus,
trace element measurements corresponding to the short
aragonite-dominated sections of DIM-E3-A are not included in presen-
tation and interpretation of the trace element profiles, but the presence
of aragonite across these intervals is considered as an important petro-
graphic feature with paleoclimate implications.

2.2. LA-ICP-MS

We analysed the lower 90 mm of the DIM-E3 stalagmite (320-230
mm below the tip; termed DIM-E3-A; Fig. 2c–S2) for seventeen trace
elements at a 10 μm resolution (rectangular track). Sample track 1 (T1)
was analysed at Institut für Geowissenschaften, Goethe Universität
(Germany). T1 constitutes the longest track and was taken along the
principal growth axis of the stalagmite, such that the path direction of
the laser track was always perpendicular to the individual stalagmite
laminae. Trace elements were measured using a prototype RESO-lution
M-50 excimer laser-ablation system (193 nm), in conjunction with a
two-volume laser-ablation cell, coupled to an Agilent 7500 ce/cs
quadrupole ICP-MS. A 90 mJ laser spot with an estimated average
diameter of 74 μm was used, with a 10 μm/s scan speed and a 15 Hz
repetition rate following the methodology described in (Müller et al.,
2009).

To assess the lateral consistency of the geochemical signals recorded
in T1, geochemical profiles for track T1 were compared with a second,
parallel track (T2) taken slightly off-axis but adjacent to T1. Data for T2
were obtained at the Department of Earth Sciences, Durham University,
using a Teledyne Analyte Excite+ 193 nm laser ablation system, with a
two-volume laser-ablation cell coupled to a Thermo iCap TQe (QQQ-
ICP-MS). A 10 × 150 μm laser slit allowed for sampling of a wide track,
thus maximizing elemental precision but without compromising spatial
resolution along the growth direction of the speleothem. The main
analysis track was run on exactly the same position as the pre-ablation
track at a 10 Hz repetition rate, 10 μm/s scan speed, and depth of 5
mm. Both analyses were bracketed by analyses of NIST 612, NIST 610,
and MACS3 standards, and 43Ca was measured as an internal standard.
Data reduction was done manually using a rolling average of 0.63 μm,
which translated to a temporal resolution of ~0.02-kyr per data point.
Full analytical descriptions for both T1 and T2 are provided in the
Supplementary Methods. Comparison of magnesium (Mg) profiles
obtained for tracks T1 and T2 show broad agreement, with subtle offsets
likely explained by geochemical variability as a function of distance
from the principal growth axis (Fig. S4). This agreement suggests that
the low-frequency variability recorded in T1 reflects geochemical
changes that contiguous across the DIM-E3-A stalagmite; the T1 track
forms the basis of our interpretations herein.

2.3. Chronology

U–Th ages and stable isotope measurements (2σ) are summarized in
Table S2. Methodological details on geochronology and isotope analyses
were reported in Ünal-Imer et al. (2016, 2015). Here we use these U–Th
ages, their 2σ uncertainties, and the COPRA (Breitenbach et al., 2012)
algorithm to produce an age model for DIM-E3-A (Fig. 2c). Our model
yields ages of 89.7 ± 0.4 (2σ) ka for the base of the sample (320 mm
below the stalagmite tip) and 70.6 ± 0.3 (2σ) ka for the top (230 mm
below the stalagmite tip), which are consistent with the linear chro-
nology presented by (Ünal-Imer et al., 2015). Trace element
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measurements were assigned to a time axis by converting the spatial
distance along T1 converted to a time axis using COPRA (Fig. 2).

2.4. Principal component analysis

To explore variability in the DIM-E3-A trace element record, a
principal component analysis (PCA) was performed on the T1 dataset.
PCA combines the intra-variable association, data dispersion direction,
and relative importance of these directions to assess which principal
component (PC) explains the largest sum of variability (Abdi and Wil-
liams, 2010). Applying this approach to speleothem compositional data
can quantify the relationships between all measured elements, rather
than focusing on single element profiles or element/element ratios.
Therefore, it permits exploration of compositional changes across a
continuous sequence, providing valuable constraints on the timing and
nature of these changes, and thus their associated environmental signals
(Baldini et al., 2015; Jamieson et al., 2015; Klaes et al., 2022; Stock-
hecke et al., 2016).

3. Results & Discussion

3.1. Controls on stalagmite geochemistry

Stalagmite DIM-E3 grew in a chamber ~150m from themodern cave
entrance (Fig. 2), and environmental monitoring suggests that site is
removed from direct external temperature influences. Quantifying the
correlations present between individual elements allows identification
of the dominant influences on drip water composition, and the extent to
which these can be related to the dolomitic limestone in which the cave
is formed (Fig. 3, S4; Table S5). Clear groupings of trace elements exist;
for example, strong positive correlations exist between elements highly
compatible with calcite such as Mg, Sr, and Ba, terrigenous elements
such as Nd, Y, La, and Cd, and organic colloid-associated elements such
as P and Co. Perhaps unsurprisingly, the most significant negative cor-
relations are typically observed between elements classified in different
groups of the periodic table (e.g., Mg and P, r2 = − 0.28) (Fig. 3).

The PCA confirms the presence of distinct variability in the trace
element composition of DIM-E3-A, but also reveals changes in the sig-
nificance of different elements through time (Fig. 4). The first three
principal components account for ~50% of variance in the dataset.
Positive values of the leading principal component (PC1; 19.6 %) are
dominated by the rare-earth elements (Y, Nd, La), with elements Cu, Cd,
Zn, Yb, and U often associated with detrital material also making sig-
nificant contributions (>0.25). Element loadings for PC2 (18.1 %) are
dominated by calcite-compatible elements Mg, Sr, and Ba, and PC3
(11.4 %) by P and Co, both commonly associated with organic colloids
(Figs. S3 and S4).

Principal Component 1 (PC1) (19.6%) is dominated by elements not
typically incorporated into calcite (with some exceptions), and so we
interpret this component as an indicator of detrital mineral fluxes into
the Dim Cave. Elements Cd, Rb, Yb, U, and the REEs are commonly
hosted in bedrock and surficial soils, and so heavily influenced by the
intensity of both erosion and weathering above the cave (Ayalon et al.,
1999; Frumkin and Stein, 2004; Zhou et al., 2008a). For example,
relatively high U loading values in both PC1 (0.32) and PC2 (0.21)
(Table S5) may indicate that several environmental processes influenced
the mobilization, transport, and deposition of this element in the Dim
Cave system. Indeed, dynamic changes in surface run-off, aeolian forces,
and soil degradation can increase the mobilization and transport of
detrital elements into sub-terrain karst systems as colloidal and partic-
ulate phases in drip waters (Hartland et al., 2012; Sliwinski et al., 2023),
causing them to be deposited onto stalagmites either as visible layers of
mud/silt (Zhornyak et al., 2011), or as microscopic particles concen-
trated in individual calcite layers (Klaes et al., 2022; Paine et al., 2021a);
as is the case for DIM-E3-A. Hence, the presence (or absence) of detrital
elements in a stalagmite record can signal changes in the rate and

intensity of dynamic processes affecting the surficial environment
(Borsato et al., 2007; Fairchild and Treble, 2009).

High PC1 values are concentrated within three distinct intervals:
~90–87 ka, ~85–81 ka, and ~73.5–70 ka (Fig. 5). The timing of these
peaks corresponds to distinctly different hydrological conditions, sug-
gesting they may also record different environmental processes. For
example, the two intervals corresponding to high PC1 scores prior to
~80 ka also correspond to a more elongated columnar calcite structure,
which would favour incorporation of relatively insoluble phases and/or
ligands (Pearson et al., 2020; Sliwinski et al., 2023) (Fig. 5). Low and
relatively stable δ18O and δ13C values (Ünal-Imer et al., 2015) coin-
ciding with the high PC1 scores imply consistently high moisture
availability at the site prior to ~81 ka; likely in the form of precipitation.
Frequent precipitation events would enhance surface run-off processes,
more intense soil and bedrock weathering, and subsequently increase
the detrital flux to the stalagmite as a function of increased flow energy
(Borsato et al., 2007; Hartland et al., 2012; Tan et al., 2014; Zhou et al.,
2008a, 2008b, 2012). Conversely, the PC1 increase between ~73.5 and
70 ka corresponds to several high-amplitude fluctuations in δ13C, per-
taining to dynamic climate conditions less favorable for consistent

Fig. 3. Correlation matrix for trace elements measured using LA-ICPMS in the
DIM-E3 Transect #1. Values given are Pearson correlation coefficients (r) to
indicate the direction and strength of the association between two elements,
where r = − 1 represents a perfect negative association, r = 0 represents no
association, and r = 1 represents a perfect positive association. Grey shading
indicates positive correlations (light: >0.25, dark: >0.5), and orange shading
indicates negative correlations (light: <-0.25, dark: <-0.5) at 99% significance
(p < 0.01). Thus, higher values suggest that similar processes influenced the
concentration of the two elements in tandem. Values between 0.1 and − 0.1 are
greyed-out for clarity. Inset table provides the concentration of dominant cat-
ions for the dolomitic limestone hosting the Dim Cave (first presented in
Ünal-Imer et al. (2016)). Elements presented are those displaying contributions
to this composition >0.001 %.
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vegetation growth and development of stable soil structures (Ünal-Imer
et al., 2015). Sparsely vegetated soils are more prone to being weathered
by wind and water (Regattieri et al., 2016), suggesting that detrital el-
ements were more readily mobilized and transported into the Dim Cave
system during seasonal heavy rainfall events across this time interval.

Principal Component 2 (PC2) (18.1%) comprises the bedrock-
sourced alkaline earth elements Mg, Sr, and Ba. Variations in these
three trace elements typically record bedrock contributions to drip

water chemistry, with enrichments signalling enhanced bedrock disso-
lution, and lower overall moisture availability (Fairchild et al., 2000;
Fairchild and Treble, 2009; Stoll et al., 2012; Wassenburg et al., 2020).
Drier conditions would increase the ground water residence time in the
aquifer prior to deposition at the stalagmite growth site, facilitating
higher rates of limestone dissolution, degassing from the precipitating
waters, and prior calcite precipitation (PCP) (Sherwin and Baldini,
2011; Wassenburg et al., 2020). Agreement between the known and
modelled Mg/Sr relationship for this stalagmite suggests that PCP
affected Mg, Sr, and Ba concentrations in DIM-E3-A (Fig. 6). Higher PC2
scores therefore suggest stronger interactions between the Dim Cave
drip waters and bedrock and reduced effective recharge, but the strength
of this process was not necessarily linear through time.

Elevated PC2 values occur between ~90 and 86 ka, and ~79–70 ka
(Fig. 5). Given that PCP typically increases as effective recharge de-
creases (Domínguez-Villar et al., 2017; Fairchild and McMillan, 2007;
McMillan et al., 2005; Wassenburg et al., 2012), elevated PC2 scores
suggest reduced rainfall across these intervals. However, high PC2
scores are not always synchronous with the higher PC1 and PC3 values,
highlighting differences in trace element transport processes between
the two aforementioned intervals. For example, peaks in PC2 between
~90 and 86 ka coincide with high PC1 and PC3 scores and only a modest
increase in δ18O and δ13C values, potentially associated with high
moisture supply and soil activity (Ünal-Imer et al., 2015). Conversely,
decoupling between PC2, PC1, and PC3 occurs in the ~79 and 70 ka
interval (Fig. 5), when peaks in PC2 correspond to persistently low PC3
scores (<0; Fig. 5), and the increase in PC1 lags ~5.5-kyr behind the PC2
series (Fig. 5).

The highest PC2 scores are concentrated between ~73.8 and 70 ka,
coinciding with greater variability in δ18O (changing moisture sources;
Ünal-Imer et al., 2015), more compact calcite fabrics (slow growth
rates), and culminating in recurrent aragonite deposition (Ünal-Imer
et al., 2016). All pertain to distinctly lower moisture availability in the
cave, causing elevated rates of PCP and subsequent enrichment of drip
waters in Mg, Sr, and Ba (Fig. 4). The PCP process affects the balance
between drip water Mg/Ca, Sr/Ca, and Ba/Ca ratio, drip water pH, and
calcite saturation index, meaning that all three generally become
elevated during periods of low moisture availability (He et al., 2021;
Wassenburg et al., 2020). Hence, calcite-aragonite transitions are often
interpreted as aridity indicators, on the basis that reduced effective
precipitation results in decreased water flow through the karst (e.g.,
McMillan et al., 2005). The suggestion that PCP is tightly coupled to
moisture availability in Dim Cave is supported by evidence for PC2
peaks in DIM-E3-A corresponding to evidence for drier conditions both
within and outside the cave (Fig. 5), but also minima corresponding to
evidence for wetter conditions. For example, the lowest PC2 scores be-
tween ~86 and 79 ka corresponding to the highest PC1 scores (Fig. 5),
pronounced reductions in δ18O and δ13C (Ünal-Imer et al., 2015), and
elongated columnar fabrics pertaining to accelerated stalagmite growth
(Ünal-Imer et al., 2016), suggesting that elevated moisture availability
served to preclude (or at least minimise) PCP-related effects on drip
waters during climatic intervals characterised by elevated precipitation
and soil activity.

Principal Component 3 (PC3) (11.4 %) is dominated by soluble ele-
ments phosphorus (P) and cobalt (Co). Speleothem P derives principally
from the leaching of decomposing organic matter in the soil, and is
readily transported by pH-neutral groundwaters (Borsato et al., 2007;
Treble et al., 2003). Prior studies have interpreted speleothem P as a
proxy for bioproductivity of the overlying soils at the time of deposition,
with higher P concentrations linked to elevated primary productivity,
water infiltration, and colloidal transport (Baldini et al., 2002; Fairchild
et al., 2001; Regattieri et al., 2016). Less is known about the behavior of
Co in calcite (Fairchild and Treble, 2009), however the presence of a
strong correlation with P in this record could suggest a common trans-
port process. The bioavailability of Co is similarly higher in acidic,
vegetated, thick soils (Srivastava et al., 2022), suggesting this element

Fig. 4. Trace element data generated by, and analysed in, this study. The sta-
lagmite is dominantly calcite in composition, but it also possesses several
clearly defined aragonite layers at between 245 and 230 mm depth (brown
shading). Because uncertainty regarding the exact distribution coefficients of
the calcite and aragonite exist, we have opted to not present the trace element
data from aragonitic sections of DIM-E3-A here. However, we do consider the
mineralogical differences in our interpretations, and include a figure showing
trace element profiles corresponding to these sections in Figure S5 (supple-
mentary file).
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Fig. 5. PCA scores from the DIM-E3-A trace element dataset, presented as a function of time. PC1 is dominated by poorly soluble elements typically transported into
caves in particle and colloidal form, suggesting that this component reflects changes in detrital input. PC2 comprises the alkaline earth elements known to signal
prior-calcite-precipitation, suggesting this component reflects shifts in the strength of cave water-bedrock interactions (see main text and supplementary file).
Finally, PC3 is dominated by soluble elements typically transported in colloidal/solute form and thus allude to enhanced soil weathering and high bioproductivity.
Time series’ shown for each principal component are an 8-point moving arithmetic mean. Horizontal grey shading shows an interval of slower stalagmite growth
based on evidence for more closed/compressed columnar fabrics, and enhanced water-rock interactions indicative of longer water residence times (Ünal-Imer et al.,
2016). Brown shading shows calcite-aragonite transitions in DIM-E3-A consistent with covariation of Ba, Sr, U, and Mg spikes; the stalagmite is entirely calcite
outside of this age range. δ18O, and δ13C data from the same stalagmite section are also presented (Ünal-Imer et al., 2015), and grey bars at the bottom of the figure
denote chronostratigraphic boundaries of glacial succession in Eastern Europe (Hughes et al., 2022), labelled based on their corresponding Marine Isotope Stage
(Lisiecki and Raymo, 2005).
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may be more readily mobilized through binding to organic matter in a
manner similar to trace metals such as copper (Cu) (Borsato et al., 2007)
and mercury (Hg) (Ravichandran, 2004). This bioavailability may be
further enhanced by the local geology, as the Dim Cave bedrock is
known to be predominantly dolomitic limestone (Ünal-Imer et al.,
2016): rock types rich in iron (Fe) and manganese (Mn), and both with
high capacity to adsorb both divalent and trivalent Co cations in surface
soils (Kosiorek and Wyszkowski, 2019; Medyńska-Juraszek et al., 2020;
Perez-Espinosa et al., 2005; Srivastava et al., 2022).

Elevated PC3 scores in DIM-E3-A are concentrated between ~90 and
81 ka (Fig. 5). Low δ18O and δ13C values and high speleothem growth
rates both suggest more humid conditions during this interval, favorable
for good vegetation and soil development (Ünal-Imer et al., 2015), and
effective mobilization of organic-bound trace elements. Hence, these
elements would likely be more susceptible to transport into the cave by
surface runoff. Less clear is what prompted a sudden drop in PC3 (<0)
observed between ~86.5 and 85 ka, which also corresponds to simul-
taneous reductions in PC1 and PC2 (Fig. 5). A coeval increase δ13C could
signal a transient reduction in terrestrial bioproductivity due to colder
and/or drier conditions; perhaps related to Greenland Stadial-21.2 as
recorded in high-latitude ice cores, or simply due to local-scale vari-
ability in ambient temperature, hydrology, and/or biological processes
(Ünal-Imer et al., 2015).

3.2. Marine Isotope Stages 5c and 5b

Climate conditions recorded in DIM-E3-A duringMIS 5c (~96–87 ka)
and 5b (~87–82 ka) are characterised by wet and warm conditions
(Fig. 5). Peaks in PC1 and PC3 point to high influx of detrital and
organic-bound minerals, resulting from more intense pluvial

(precipitation-driven) erosion and mobilization of trace elements pref-
erentially transported as mineral particles and/or bound to organic
colloids from the soils (Borsato et al., 2007; Fairchild and Treble, 2009;
Hartland et al., 2012). A concurrent reduction in water residence time
(PC2) and low δ13C values supports this interpretation by signaling
frequent groundwater recharge, and forest expansion in the catchment
(Ünal-Imer et al., 2015, 2016), respectively. Furthermore, weakening of
the Mg/Sr relationship relative to predicted values suggests an addi-
tional Mg/Sr supply to the stalagmite (Fig. 6), potentially by increased
recharge of the aquifer above the cave. Particularly large peaks in PC1
and PC3 suggest this ‘flushing’ process was particularly strong between
~84 and 81 ka (Fig. 5).

Climate variability during MIS 5c and 5b revealed by the new DIM-
E3-A trace element dataset appear comparable to other paleoclimate
records from the Eastern Mediterranean (Fig. 7). For example, reduced
δ18O and/or δ13C in speleothems extracted from Soreq, Pequiin (Israel;
Bar-Matthews et al., 2003; 1997)), Qal’e Kord, Pir Ghar (Iran; Carolin
et al., 2019; Mehterian et al., 2017)), Sofular (Türkiye; Held et al.,
2024), and Wintimdouine (Morocco; Ait Brahim et al., 2023)) caves
correspond to peaks in calcium ion supply to lakes Ohrid (Macedonia;
Wagner et al., 2019) and Yammouneh (Lebanon; Gasse et al., 2015)),
and evidence for rapid forest expansion in the Eastern Mediterranean
(Litt et al., 2014; Pickarski et al., 2015), the Levant (Miebach et al.,
2019), the Balkans (Donders et al., 2021; Koutsodendris et al., 2023;
Sadori et al., 2016), and North Africa (Lézine et al., 2019; Miller et al.,
2016) – all signaling high moisture availability throughout MIS 5c and
5b (Fig. 7). The effects of this increase within the Dim Cave catchment
would be an increase total surface run-off, flushing large quantities of
detrital matter/coarse colloids from the overlying soils into the cave,
increasing hydraulic weathering of the Mg-rich bedrock, and reductions

Fig. 6. Relationship between Mg and Sr in DIM-E3-A between ~90 and 70 ka, presented in parts per million (ppm). Line ‘PCP’ shows the theoretical slope modelled
for prior calcite precipitation (see Text S4). Colour and shape coding marks data values corresponding to key climate intervals between ~90 and 70 ka (based on the
chronostratigraphy for Southern Europe presented by Hughes et al.(Hughes et al., 2022)). Inset graph: relationship between Mg and Ba. If partition coefficients of
Mg, Sr, and Ba are assumed to be constant, then speleothems forming under the influence of PCP are expected to display a positive linear correlation between these
three elements. Our data gives a slope of 0.0014 for the Mg/Sr relationship. Given the similarity of this value to the PCP-modelled slope, this suggests that PCP is a
strong candidate for the mechanism responsible for the observed correlations seen in DIM-E3-A between ~90 and 70 ka.
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in dissolution and PCP-related processes (Figs. 5 and 7).
Detrital and organic influxes (PC1& PC3) peak in DIM-E3-A between

83.5 ± 0.3 (2σ) and 81.9 ± 0.3 (2σ) ka (Fig. 5). This signal directly
corresponds to evidence for intensification of precipitation across the
Eastern Mediterranean culminating in formation of sapropel 3 (S3)
(Fig. 7). Sapropels form in response to increased flux of freshwater to the
Mediterranean basin via the Nile and wider North African channel
network, and closely correspond to variability in Earth’s orbital pre-
cession cycle (Rohling et al., 2015). Low precession increases both
summer insolation (NHSI) maxima and winter insolation (NHWI)
minima in the northern hemisphere (Barker et al., 2011; Sun et al., 2021;
Wagner et al., 2019), driving northward displacement, narrowing, and
intensification of ITCZ-modulated precipitation, and NH Hadley cell
positioning (Asmerom et al., 2020; Deplazes et al., 2013). By amplifying
the persistence of high-pressure systems, sea surface temperatures, and
convection over the Mediterranean Sea, this displacement produces a
stronger African monsoon, surface-water freshening and reduced
deep-water ventilation (Fig. 7). The ensuing S3 signal (~86–81 ka) is
recorded in marine sediment records from both the Mediterranean
(Grant et al., 2022, 2016; Rohling et al., 2015) and Sea of Marmara
(Çağatay et al., 2019) and directly corresponds to evidence for height-
ened influx of detrital matter (PC1) in DIM-E3-A, but also more abun-
dant vegetation in the catchment (PC3) (Fig. 5). The latter signal
suggests this geochemical variability was produced by an increase in the
frequency and intensity of local precipitation, resulting in heightened
pluvial erosion, transport, and infiltration of detrital materials into the
cave, while also fueling a more productive terrestrial ecosystem.

3.3. Marine Isotope Stages 5a to 4 (~81–70 ka)

Trace element variability in DIM-E3-A changes distinctly during MIS
5a (~78–75 ka). Unlike the detrital (PC1) signals recorded during MIS
5c and 5b, higher values recorded from ~81 ka instead coincide with
low PC3 and moderate PC2 scores (Fig. 5). These trace element shifts
also correspond to a notable increase in δ18O and δ13C values (Fig. 5;
Ünal-Imer et al., 2015), an increase in calcite density (Ünal-Imer et al.,
2016), and strengthening of the Mg/Sr relationship relative to modelled
values (Fig. S8); each indicative of a reduction in moisture availability
both within and outside the Dim Cave, slowdown of stalagmite growth,
and increased groundwater residence times. Whereas the PC2 signal
during MIS 5a may reflect a steady increase in PCP, the low PC3 values
suggest higher erosion rates, surface weathering, and soil thinning
(Ünal-Imer et al., 2015). These processes would reduce the soil’s ca-
pacity for retention of detrital elements, enhancing the mobilization and
transport of these elements into the cave by surface runoff, while
simultaneously diluting fluxes of organic matter into the karst system
(Borsato et al., 2007; Fairchild and Treble, 2009; Hartland et al., 2012).
Coinciding with these trace element changes are also clear increases in
both δ18O and δ13C (Ünal-Imer et al., 2015). Both suggest a shift toward
drier conditions in southern Türkiye during MIS 5a: an interpretation
supported by coupled trace element and isotope variations indicative of
drier, more arid conditions in the Dim-1 stalagmite across the

penultimate glacial – interglacial transition (Fig. S1; Rowe et al., 2020).
Aridity-driven geochemical variability intensifies in DIM-E3-A at

~74 ka (Fig. 5). Sharp peaks in PC2 scores are accompanied by increased
concentrations of exotic trace elements within DIM-E3-A’s mineral
fabric, such as Zn, U, and Pb (Fig. 4), while δ18O values remain high
(Fig. 5). These high values are followed by sporadic aragonite growth
between ~72.3 and 71.3 ka, and clear peaks in Mg, Ba, and Sr imme-
diately prior to the first calcite-to-aragonite transformation suggests
these result from increased interactions between host rock and seepage
waters, elevated rates of bedrock dissolution, and simultaneous calcite
precipitation from the water leading to an enrichment in fluid Mg/Ca.
Given that the factors driving such transformations (e.g., balance be-
tween drip water Mg/Ca, Sr/Ca, and Ba/Ca ratio) must surpass a given
threshold before aragonite deposition can occur (Wassenburg et al.,
2012), this implies that moisture availability decreased substantially
after 74 ka and that aridity peaked in ~72.3 ka in the Eastern Medi-
terranean. Calcite-to-aragonite transitions are also not present in
DIM-E3 after ~71.3 ka (Ünal-Imer et al., 2016), which implies that the
hydroclimatic conditions favouring this geochemical variability in
DIM-E3-A did not occur again following the MIS 5-to-4 transition.

Severely arid conditions in the Eastern Mediterranean across the MIS
5-to-4 transition are consistently recorded in paleoclimate archives
across the region as precipitation reductions and/or increased conti-
nental dust flux (Fig. 7). Speleothem δ18O profiles (Bar-Matthews et al.,
1997, 2003; Carolin et al., 2019; Mehterian et al., 2017), and
lacustrine/peat-based pollen reconstructions (Donders et al., 2021;
Koutsodendris et al., 2023; Litt et al., 2014; Miebach et al., 2019; Pan-
agiotopoulos et al., 2014; Pickarski et al., 2015; Sadori et al., 2016)
suggest simultaneous reductions in precipitation, atmospheric humidity,
and surface temperatures starting at ~80 ka, with distinct minima
concentrated between ~74 and 72 ka (Fig. 7). Several terrestrial lakes
also record pronounced increased sedimentation rates produced by the
release of eroded materials stored in lake beds, river beds, and soils
during earlier stages of MIS 5, often in response to fluctuations in lake
level and precipitation/evaporation balance (Stockhecke et al., 2016;
Wagner et al., 2014). Combined with transient model simulations, all
attest to increasing orbital precession as the driver of these changes via
Northern Hemisphere Summer Insolation (NHSI) reductions (Kutzbach
et al., 2014; Stockhecke et al., 2016; Zhang et al., 2021), decreasing sea
and land surface temperatures (Wagner et al., 2019), expansion and
southward displacement of the ITCZ (Deplazes et al., 2013), reduced
convection over the Mediterranean, and subsequent weakening of Af-
rican monsoon (Grant et al., 2017; Wagner et al., 2019) (Fig. 7).

Aridity in the Eastern Mediterranean between ~81 and ~70 ka was
also associated with increased regional dust fluxes (Ehrmann and
Schmiedl, 2021; Grant et al., 2017). Changing atmospheric pressure
gradients over the Mediterranean basin would have produced stronger
westerly winds (Wagner et al., 2019), with advection of cold and dry
continental air from the Balkans directly toward the Eastern Mediter-
ranean (Fig. 7; Ünal-Imer et al. (2015). Stronger winds would have
increased the atmospheric dust load, and this evidence for wind
strengthening also corresponds to increased dust fluxes into this region

Fig. 7. Variations in PC1, PC2, and PC3 scores for the DIM-E3-A, compared with high-resolution northern hemisphere paleoclimate records spanning the ~90–70 ka
interval. These records are as follows: δ18O profiles from Soreq (Israel; Bar-Matthews et al., 1997), Qal’e Kord (Iran; Mehterian et al., 2017), and Wintimdouine
(Morocco; Ait Brahim et al., 2023) caves, a δ13C profile from Sofular Cave (Turkey; Held et al., 2024), a composite speleothem δ18O record from China (Cheng et al.,
2016), sedimentary Ca/K ratios from Lake Ohrid (Macedonia/Albania; Wagner et al., 2019)), arboreal pollen excluding Pinus (AP-Pinus) from Tenaghi Phillippon
(TP) (Greece; Koutsodendris et al., 2023) and Lake Ohrid (LO) (Macedonia/Albania; (Donders et al., 2021), Ti/Al ratios recorded in Ocean Drilling Project (ODP) site
967 (Eastern Mediterranean; Grant et al., 2022; 2017), Fe/K ratios recorded in the Gulang loess sequence (China; Sun et al., 2021), sediment total reflectance (L*,
sm200) in marine core MD03-26 from offshore South America (Cariaco Basin, Venezuela; Deplazes et al., 2013), a time series of Earth’s precessional index (Berger
and Loutre, 1991), and a composite marine δ18O stack as a record of global ice volume (LR04; Lisiecki and Raymo, 2005)). Further details for each of the archives
included in this figure are provided in Table S1. Light grey boxes denote chronostratigraphic boundaries of glacial succession in Eastern Europe (Hughes et al., 2022),
labelled based on their corresponding Marine Isotope Stage. A pale green box marks African Humid Period 3 – an interval corresponding to evidence for northward
migration of the tropical rain belt, covering large areas of North Africa with river systems, lakes, and dense vegetation and resulting in large sediment influxes to the
Mediterranean Basin (Ehrmann and Schmiedl, 2021). A dark green box denotes the timing of sapropel 3 (S3) formation relative to this period. Brown vertical shading
shows calcite-aragonite transitions in DIM-E3-A.
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from North Africa (Ben-Israel et al., 2015; Ehrmann et al., 2017; Gross
et al., 2016; Vaks et al., 2010) and/or Central Europe (Újvári et al.,
2010). Although stronger winds and increased dust fluxes are not always
contemporaneous with increased aridity (and vice versa), these signals
clearly correspond to evidence for widespread reductions in moisture
availability, such as vegetation thinning in the Dim Cave catchment
(Fig. 4; Ünal-Imer et al., 2015), and forest recession across the Medi-
terranean (Koutsodendris et al., 2023; Panagiotopoulos et al., 2014).
Both suggest a decrease in effective precipitation coupled with an

increase in soil instability and exposure, suggesting that peaks in PC1
scores in DIM-E3-A during MIS 4 could also capture an increase in
aeolian dust flux to the site in response to stronger westerly winds
(Verniers et al., 2022), and heightened erosion of these exposed soils.

Clear deviation of the Mg/Sr relationship from a modelled PCP
vector during MIS 4 further supports our interpretation that the
geochemical variability in DIM-E3-A following ~74 ka reflects height-
ened aridity (Fig. S8). This deviation also corresponds to clear peaks in
Th concentration and identification of the highest 87Sr/86Sr ratios in

Fig. 8. (a) A map of the Northern Hemisphere, where Dim Cave is labelled as a teal star, and dark blue shading marks maximum NH ice sheet extents corresponding
to our interval of interest (reconstructed by Batchelor et al. (2019)). The locations of Lake Ohrid, Tenaghi Phillippon, site ODP967, Hulu cave, Sanbao Cave, the
Gulang loess site, the Cariaco Basin, and the NGRIP drill site are also displayed. (b) A schematic representation of hydroclimatic changes in the Eastern Mediter-
ranean between ~90 and 70 ka. Two paleoclimatic intervals are described and marked, with numbers denoting key features of each interval, respectively.MIS 5c to
5b (~90–81 ka; transparent circles): (1) low orbital precession drives intensification of African monsoon, causing northward displacement of the ITCZ and NH Hadley
cells during summer, and increased precipitation in the Eastern Mediterranean; (2) westerly winds travel on a predominantly a W-E Mediterranean trajectory where
the air masses pass predominantly over the Mediterranean sea, minimizing continental dust uptake and increasing overall atmospheric moisture; MIS 5a to 4
(~81–70 ka; filled circles): (3) increasing precession during MIS 5a results in progressive weakening of the African Monsoon which, in conjunction with growing NH
ice sheets (e.g., panel (a)), pushes the ITCZ southward to reduce precipitation in the EM; (4) westerly winds shift to follow a continental, NW-SE European trajectory
across the Balkans which, coupled with reduced vegetation cover (low moisture availability) and increased wind activity, enhances erosion and aeolian transport of
dust over the EM. In conjunction with mechanism (3), this signal culminates in the rapid transition to strong glacial conditions during MIS 4.
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DIM-E3 during MIS 4 (Fig. S8; Ünal-Imer et al., 2016), which could also
reflect increased influence of atmospheric dust on the composition of
these drip waters. Following deposition in soils above the cave, these
dust particles would be mobilized by erosion, and more readily trans-
ported to the karst aquifer by seasonal precipitation due to thinning of
terrestrial vegetation caused by colder, drier conditions (Ünal-Imer
et al., 2015).

3.4. Global teleconnections

Combining trace element data from DIM-E3-A with Mediterranean
paleoclimate data across the MIS 5-to-4 transition reveals a climate shift
faster, and more severe, than any similar transition during the last
glacial. This severity is also documented across the northern hemi-
sphere. For example, a pronounced isotope excursion in the North
Greenland Ice Core (NGRIP) record at 74.1 ± 0.06 ka (known as
Greenland Stadial-20 (GS-20) (Rasmussen et al., 2014)) suggests a rapid
(<300 years) reduction in temperature (>10oC), and increase in atmo-
spheric dust content (Fig. S9; Kindler et al., 2014; Rasmussen et al.,
2014). This high-latitude signal is synchronous with δ18O excursions
indicative of anomalously weak (dry) monsoon events in stalagmite
records from Asia (Cheng et al., 2016; Du et al., 2019; Wang et al., 2001)
and India (Kathayat et al., 2016), and drought events in the south-
western USA (Polyak et al., 2017) and Borneo (Carolin et al., 2013).
Several lake sediment records also document abrupt changes in water
level (Baxter et al., 2023; Brooks et al., 2005; Mueller et al., 2010; Scholz
et al., 2007; Stockhecke et al., 2016; Wagner et al., 2014; Waldmann
et al., 2009), and/or pollen concentrations (Camuera et al., 2019; Kern
et al., 2022; Lézine et al., 2019; Scholz et al., 2007). In the Southern
Hemisphere, the timing of MIS 4 initiation corresponds to a progressive
rise in Antarctic temperature (Capron et al., 2010; EPICA Project
Members, 2006), and distinct increases in precipitation recorded in δ18O
archives from Botuverá (Cruz et al., 2005; Wang et al., 2006) and Cueva
del Diamante (Cheng et al., 2013) caves (Brazil). The global-scale syn-
chronicity of this signal suggests that the unique conditions driving its
occurrence were exclusive to the end of MIS 5, underscoring the
pervasive nature of coupled ocean-atmosphere-cryosphere interactions
during the last glacial (Brook and Buizert, 2018; EPICA Project Mem-
bers, 2006). Hence, this suggests that strong, global-scale forcing
mechanisms likely underpinned the centennial-scale environmental
changes recorded in DIM-E3-A, and indeed across the Eastern Mediter-
ranean (Fig. 8).

DIM-E3-A also provides a climatic context for understanding homi-
nin dispersal patterns. Proxy and model-based evidence suggest that the
relatively stable, humid conditions of MIS 5c and 5b provided opportune
corridors for hominin dispersal across Northeast Africa (e.g., Fischer
et al., 2024; Foerster et al., 2022; Schaebitz et al., 2021) and Southwest
Asia (e.g., Abbas et al., 2023; Bae et al., 2017; Barzilai et al., 2022;
Groucutt et al., 2018, 2021). However, the rate of drying and environ-
mental stress documented in this speleothem (<102-year timescales)
across the MIS 5a-to-4 transition would have been too rapid to trigger
distinct physiological adaptations or even mass relocation – particularly
in a geographically discontinuous and physiologically-demanding re-
gion such as the Eastern Mediterranean (Zittis et al., 2022). Therefore,
responses to increased climatological stress may instead have taken the
form of changes in social behaviour (e.g., collaboration), technological
innovation, and occupation of higher-altitude sites to escape hyper-arid
conditions in the lowlands (Fischer et al., 2024).

The fundamental question of why the MIS 5-to-4 transition was so
distinct remains unresolved. Reductions in high-latitude insolation have
been linked to decreased sea-surface temperatures and subsequent
expansion of sea-ice cover in the subpolar North Atlantic, with effects
including diminished North Atlantic Deep Water (NADW) formation,
weakening of the Atlantic meridional overturning circulation (AMOC),
and a southward ITCZ shift (Fig. 7) (Henry et al., 2016; Zhang et al.,
2021). On one hand, the positive feedbacks instigated by these processes

could have both amplified and sustained the cooling that occurred
during this transition(Li and Born, 2019; Menviel et al., 2020), with
strong teleconnections facilitating the southward propagation of the
resulting climate perturbations into the Eastern Mediterranean
(Bar-Matthews et al., 2003; Mehterian et al., 2017). However, the
models employed to test these feedbacks still cannot reproduce climate
variability with comparable characteristics to those observed in proxy
records (Li and Born, 2019), precluding the ability to establish whether
the ocean and atmospheric circulation changes that took place prior
to/during the MIS 5-to-4 transition were a cause, or effect
(Lynch-Stieglitz, 2017).

Five high-magnitude (M), radiometrically dated volcanic eruptions
also show intriguing proximity to the onset of MIS 4, and subsequently
the anomalously severe climate excursions described above (Fig. S10).
These five eruptions are the M9.1 eruption of Toba volcano, Indonesia at
73.9 ± 0.3 (1σ) ka (Storey et al., 2012), the M8.1 eruption of Atitlán
volcano, Guatemala 75 ± 2 (1σ) ka (Cisneros de León et al., 2021), the
M6.6 eruption of Valles Caldera, New Mexico at 74.4 ± 1.3 (2σ) ka
(Zimmerer et al., 2016), a couplet of M6.6 and M6 eruptions of Coat-
epeque caldera at 72 ± 3(2σ) ka (Kutterolf et al., 2020), and the M6
eruption of Mount Mazama at 71 ± 5(1σ) ka (Bacon and Lanphere,
2006). Studies have suggested that dynamical, systemic responses to
volcanic aerosol forcing could result in long-lasting (>10-yr) effects on
sea ice expansion, deep ocean convection, atmospheric circulation
(Colose et al., 2016; Erez and Adam, 2021; Ridley et al., 2015), and
AMOC strength (Miller et al., 2012; Slawinska and Robock, 2018; Zhong
et al., 2011); with consequences measurable far from the eruptive
source. However, the idea that volcanism could trigger millennia-scale
climate change has received comparatively little research attention
due to chronological uncertainties and the incompleteness of the Qua-
ternary eruption record (Baldini et al., 2015; Crosweller et al., 2012;
Paine et al., 2021b). Although the severity of the MIS 5-to-4 transition
cannot be conclusively linked to volcanic forcing, improvements in last
glacial eruption dating, cohesion between geological and chemostrati-
graphic eruption records, and modelling of long-term volcanic impacts
on the climate system will allow for further exploration of this hy-
pothesis (Paine et al., 2021b).

4. Conclusions

The shift from Marine Isotope Stage (MIS) 5 to 4 is distinct among
interglacial-glacial transitions within the last glacial period. Focusing on
the trace element composition of a stalagmite from Dim Cave (south
Türkiye), our study sheds light on two distinct climatic signals corre-
sponding to this shift in the Eastern Mediterranean. First is a pronounced
increase in moisture availability between MIS 5c and 5b (~90–81 ka),
which is indicated by a higher influx of detrital and organic-bound el-
ements to the growing stalagmite. This influx is attributed to intensified
precipitation-driven erosion, frequent groundwater recharge, low
water-bedrock interaction, and expansion of the forest cover in the
catchment area: a signal which peaks in conjunction with the onset of
sapropel 3 (S3) in the Mediterranean region. The second signal occurs
across theMIS 5a toMIS 4 transition (~81–70 ka), where elevated influx
of detrital elements coupled with increased rates of bedrock dissolution,
erosion, surface weathering, soil thinning, and a progressive mineral-
ogical change in DIM-E3-A suggests low moisture availability both
within and outside the cave. This aridity-driven signal peaks after ~74
ka, corresponding to an unusually rapid shift to severe cold and dry
conditions recorded in paleoclimate records across the northern hemi-
sphere. By assessing the DIM-E3-A trace element data relative to the
signals captured by existing paleoclimate archives, orbitally driven os-
cillations in African monsoon strength and position present a mecha-
nistic explanation for the hydroclimatic signals recorded in our
stalagmite across the MIS 5-to-4 transition, and suggest that global-scale
hydroclimate shifts could swiftly and extensively impact the environ-
ment in the Eastern Mediterranean on timescales ranging from decades
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to millennia. Not only do our findings underscore the potential envi-
ronmental consequences of abrupt climate change in the future, but they
also emphasize how speleothem trace element records can shed crucial
light on the timing, expression, and magnitude of climate variability
during the last glacial period.
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Baykara, M.O., Millar, I.L., Andrews, J.E., 2020. Multi-proxy speleothem record of
climate instability during the early last interglacial in southern Turkey. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 538, 109422 https://doi.org/10.1016/j.
palaeo.2019.109422.

Sadori, L., Koutsodendris, A., Panagiotopoulos, K., Masi, A., Bertini, A., Combourieu-
Nebout, N., Francke, A., Kouli, K., Joannin, S., Mercuri, A.M., Peyron, O., Torri, P.,
Wagner, B., Zanchetta, G., Sinopoli, G., Donders, T.H., 2016. Pollen-based
paleoenvironmental and paleoclimatic change at Lake Ohrid (south-eastern Europe)
during the past 500 ka. Biogeosciences 13, 1423–1437. https://doi.org/10.5194/bg-
13-1423-2016.

Schaebitz, F., Asrat, A., Lamb, H.F., Cohen, A.S., Foerster, V., Duesing, W., Kaboth-
Bahr, S., Opitz, S., Viehberg, F.A., Vogelsang, R., Dean, J., Leng, M.J., Junginger, A.,
Ramsey, C.B., Chapot, M.S., Deino, A., Lane, C.S., Roberts, H.M., Vidal, C.,
Tiedemann, R., Trauth, M.H., 2021. Hydroclimate changes in eastern Africa over the
past 200,000 years may have influenced early human dispersal. Communications
Earth & Environment 2. https://doi.org/10.1038/s43247-021-00195-7.

Scholz, C.A., Johnson, T.C., Cohen, A.S., King, J.W., Peck, J.A., Overpeck, J.T., Talbot, M.
R., Brown, E.T., Kalindekafe, L., Amoako, P.Y.O., Lyons, R.P., Shanahan, T.M.,
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