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a b s t r a c t

Identifying the hydrological and environmental response of the European Alpine region to different
combinations of climate boundary conditions is crucial to advance the reliability of predictive climate
models and thus shape climate adaptation policies that will impact millions of people in seven countries.
Here we present a high-resolution multiproxy speleothem record (stable oxygen and carbon isotope
ratios, petrography and magnetic properties) from Rio Martino Cave (Piedmont, Southern Alps, Italy),
which covers the first part of the Penultimate Glacial (early MIS 6, 182e157 ka). During early MIS 6, the
combination of high climatic precession and obliquity amplified the peak in Northern Hemisphere (NH)
summer insolation intensity at ca. 174 ka to almost interglacial levels, leading to northward migration of
the Intertropical Convergence Zone and the enhancement of the boreal monsoon system. At orbital scale,
the hydroclimatic record from Rio Martino closely follows the precession pattern, and shows a wet
interstadial phase between 180 and 170 ka, peaking at the precession minimum, characterized by glacial
retreat and by the likely development of soils and vegetation up to 1900e2000 m a.s.l. in this alpine
sector. This phase can be traced across the Southern Alps, and corresponds to pluvial conditions inferred
from Western Mediterranean records, and to the interval of deposition of the cold Sapropel S6 in the
eastern Mediterranean. We suggest that the interaction between an intensified northwesterly cold flow
(relating to increased ice volume under glacial conditions), and the relatively warm waters of the NW
Mediterranean (due to the peculiar atmospheric configuration occurring at the precession minimum)
strongly enhanced the autumn cyclogenesis in the Northern Tyrrhenian Sea, fuelling intense precipita-
tion to reach the Southern Alps. The Rio Martino record also shows a prominent sub-orbital variability,
the overall structure of which is coherent with hemispheric changes in climate driven by cyclic per-
turbations of North Atlantic conditions related to the operation of the bipolar seesaw.

© 2021 Elsevier Ltd. All rights reserved.
eorisorse, IGG-CNR, Via Mor-

egattieri).
1. Introduction

High-altitude areas like the European Alps are undergoing rapid
and profound modifications because of the current climate change
(IPCC, 2019). Reliable long-term climate forecasts for the Alps are
relevant for large parts of European society, but the complexity of
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the Alpine region poses considerable challenges for robust climate
modelling. In particular, precipitation changes are less well quan-
tified than temperature changes, and often appear more hetero-
geneous (Gobiet et al., 2014), translating into uncertainties in
climate projections (Suklitsch et al., 2011). Well-dated paleo-proxy
records sensitive to changes in regional hydroclimate are useful for
addressing issues concerning the underlying mechanisms, timing
and pattern of precipitation variability under different climate
configurations in the past (Wagner et al., 2019). The study of site-
specific proxies can shed light on the local environmental re-
sponses, an important issue in the highly vulnerable mountain belt
(IPCC, 2019). Here we report a high-resolution multiproxy speleo-
them record (d13C; d18O, growth rate, petrography and magnetic
properties) from a flowstone core (RMD7) from Rio Martino Cave
(Piedmont, SW Alps, Fig. 1). RMD7 was deposited during the early
Fig. 1. Location of Rio Martino Cave (red dot) and other sites mentioned in the text. A: MD-
Lake (Wagner et al., 2019), Sanbao Cave (Wang et al., 2008); B: 1- Swiss foreland (Dehnert e
et al., 2005); 4-Azzano Decimo core (Pini et al., 2009); 5-Argentarola Cave (Bard et al., 2002)
the Alpine Region (after Efthymiadis et al., 2007); C-Simplified geological map of Rio Martin
Martino Cave showing the sampling locations of RMD7 (this study) and RMD1 (Regattier
Lateglacial moraine ridges. (For interpretation of the references to colour in this figure lege
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part of the penultimate glacial, between ca. 182 and 157 ka, cor-
responding to the first part of Marine Isotope Stage (MIS) 6
(Margari et al., 2010). During early MIS 6, the combination of high
climatic precession and high obliquity amplified the peak in
Northern Hemisphere (NH) summer insolation intensity at ca. 174
ka to almost interglacial levels. This forced a northward migration
of the Intertropical Convergence Zone (ITCZ), with strong
enhancement of NH monsoon systems (e.g. Cheng et al., 2016). The
increased monsoon-fed discharge from the Nile River and from
(now-fossil) wadi systems in North Africa led to the formation of
sapropel layer S6 in the eastern Mediterranean Sea, which is dated
to between 165.5 and 178.2 ka based on the speleothem-tuned
chronology of Ziegler et al. (2010). Southern Europe and the Med-
iterranean were thus influenced by two climatic extremes: cold
conditions leading to the progressive growth of ice over northern
MD01-2444 (Margari et al., 2010, 2014), 977-ODP-977 (Martrat et al., 2007); OH-Ohrid
t al., 2012); 2-Piani Eterni Cave (Columbu et al., 2018); 3- Spannagel Cave (Holzk€amper
; 6-core PRLG1 (Cortina et al, 2011, 2013, 2015); the pink line is the climatic division of
o area, the red line is the supposed cave catchment. D-Three-dimensional sketch of Rio
i et al., 2019a). E� View of Rio Martino catchment, red line as in C, blue lines mark
nd, the reader is referred to the Web version of this article.)



E. Regattieri, S. Querci, G. Zanchetta et al. Quaternary Science Reviews 257 (2021) 106856
Europe and enhanced monsoon activity in the NH tropics (Margari
et al, 2010, 2014).

An increase in Western Mediterranean precipitation in the
autumn-winter season during periods of sapropel formation is
widely reported from both paleo-records (Wagner et al., 2019;
Regattieri et al., 2015; Toucanne et al., 2015; Milner et al., 2012;
Zhornyak et al., 2011; Tzedakis, 2007; Zanchetta et al., 2007) and
climate models (Wagner et al., 2019; Bosmans et al., 2015). Spe-
cifically, for the early MIS6, wetter and warmer conditions are re-
ported from speleothem and lake records for the eastern
Mediterranean (Wagner et al., 2019; Nehme et al., 2018; Roucoux
et al., 2011; Vaks et al., 2006; Ayalon et al., 2002), and for the
Western Mediterranean and Southern Europe (Isola et al., 2019;
Toucanne et al., 2015; Margari et al, 2010, 2014; Wainer et al., 2013;
Bard et al., 2002; Plagnes et al., 2002). However, little is known
about the corresponding responses in the Alpine region, where
records of both orbital and sub-orbital hydro-climate variability are
poorly known (Columbu et al., 2018; Pini et al., 2009).

A previous study of a Holocene speleothem from Rio Martino
(RMD1) showed that the d18O record tracks changes in regional
hydrology, whereas the d13C and magnetic properties are related to
the soil history at the catchment scale (Regattieri et al., 2019a).
Using the same approach, herewe reconstruct in detail the climatic
and environmental conditions at RioMartino during the first part of
MIS 6, and explore their links with glacial history and regional and
extra-regional climate. Our aim is to assess the response of this
portion of the Alpine region to the peculiar forcing of early MIS 6
climate

2. Site settings

Rio Martino Cave is located at 1530 m a.s.l. in the upper Po River
valley (Piedmont, SWAlps, Italy, Fig. 1). The cave characteristics are
discussed in previous studies (Regattieri et al., 2019a; Zanella et al.,
2018; Magrì et al., 2007) and are only briefly summarized here. The
cave has developed within Mesozoic dolomitic carbonates. The
catchment area is between 1900 and 2200 m, most of which is
characterized by decimetric thick cover consisting of Quaternary
glacial and periglacial sediments (Fig. 1). Currently, the catchment
hosts a grassland dominated by C3 herbs such as carex (Carex firma)
and sesleria (Sesleria albicans). This vegetation is typical of the
Alpine altitude belt (2200e3000 m a.s.l.; Borsato et al., 2015) and
its occurrence at lower altitudes of the Rio Martino catchement is
related to lowering of the tree-line resulting from long-term an-
thropic influences. Elsewhere in the Alps, the upper subalpine belt
(2200e1900 m a.s.l.), to which the Rio Martino catchment belongs,
is characterized by an open conifer forest with dwarf mountain
pine (Pinus mugo), scattered larix (Larix decidua), Swiss stone pine
(Pinus cembra) and frequent shrubs such as heather (Calluna vul-
garis) and rhododendron (Rhododendron ferrugineum) (Borsato
et al., 2015). The cave is crossed by a permanent stream that re-
sponds rapidly tometeorological events thanks to direct infiltration
where the carbonate body is closer to the surface. Slower water
circulation occurs within the glacial sediment, and represents the
main source feeding the river and the drip recharge system (Magrì
et al., 2007). The mean cave temperature, based on 2 years of
monitoring, is 5.3 �C (Magrì et al., 2007). Mean annual precipitation
is ca. 1100 mm, with maxima in AprileMay and OctobereDe-
cember. The gridded map of precipitation d18O values in Italy
(Giustini et al., 2016) indicates values between�12‰ and�10‰ for
Rio Martino area. The distribution of long-term mean temperature
and precipitation in the Alps is influenced by several large-scale
climatic drivers prevailing over the Atlantic, the European conti-
nent, and the Mediterranean Basin (Wanner et al., 1997), modu-
lated by local Alpine morphology and topography (Casty et al.,
3

2005; Frei and Sch€ar, 1998). The single dominant moisture source
throughout most of the year for the Southern Alps is the Western
Mediterranean (Fig. 1), which contributes up to 35%, with maxima
in autumn and minima during winter (Sodemann and Zubler,
2010). During summer, the Mediterranean contribution remains
at a fairly high level, and local, convective precipitation increases
(ca. 20% of the total from land sources; Sodemann and Zubler,
2010). Precipitation from SE and NE North Atlantic Ocean (Fig. 1)
accounts for ca. 23%, and it is mostly confined to thewinter months,
when a significant negative correlation between the North Atlantic
Oscillation (NAO) index and Southern Alpine precipitation is
observed (L�opez-Moreno et al., 2011; Efthymiadis et al., 2007; Casty
et al., 2005). The NAO index is also positively correlated with
temperature, with the correlation becoming stronger at higher al-
titudes (Lopez-Moreno et al., 2011; Efthymiadis et al., 2007).

3. Methods

3.1. Field sampling and subsampling

RMD7 core was collected from a flowstone located on a lateral
branch of the main cave (Fig. 1). The flowstone is embedded be-
tween two decimeters-thick sandy units. Dating of the flowstone
growing above the upper sandy units yields Late Glacial to Early
Holocene (13e9 ka) age (our unpublished data). The RMD7 core is
3.25 cm in diameter and 23 cm long and covers the whole flow-
stone thickness. It was halved perpendicular to the long axis and
one of the polished sections was sub-sampled at 1 mm increments,
perpendicular to the growth laminations, using a milling machine
with a 1 mm-diameter drilling bit, producing 226 samples for
stable C and O isotopes (d13C and d18O) analyses. On the same half,
nine prisms of ~150 mg (~5 mmwide along the laminae and 2 mm
thick on growth axis) were taken for U/Th dating. The other section
was quartered and sliced with a diamagnetic blade of 1 mm pro-
ducing 48 specimens, 2e4 mm thick, for magnetic analyses. From
the other quarter, six partly overlapping thin sections for petro-
graphic analyses were retrieved.

3.2. Microstratigraphic observations

The microstratigraphic features of RMD7 were investigated
along the whole core depth by observation of six partly overlapping
thin sections with an optical petrographic microscope (Zeiss Lab-
oval 4 ausJena), both in parallel and crossed nicols. Calcite fabrics
and petrographic features have been described based on Frisia
(2015) and Frisia and Borsato (2010). Several fabric subtypes were
recognized and logged along the core depth to create a micro-
stratigraphic log, following Frisia (2015).

3.3. Stable isotope analyses

d18O and d13C isotope ratios were measured using an Analytical
Precision AP2003 continuous-flow isotope-ratio mass spectrom-
eter at the University of Melbourne, Australia, with the method
presented in Bajo et al. (2020). Briefly, samples were digested in
105% phosphoric acid for 1 h at 70 �C. Results were normalized
using an internal working standard (NEW1, Carrara Marble), cali-
brated against the international standards NBS18 and NBS19. Re-
sults are reported on the VPDB scale. Mean analytical uncertainties
are 0.10‰ and 0.05‰ for d18O and d13C, respectively.

3.4. U/Th dating and age modelling

The U/Th dating was performed at the School of Earth Sciences,
University of Melbourne, following the method of Hellstrom



Fig. 2. Age-depth model for RMD7 core, the green shadow represents the 95% un-
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(2003). Briefly, samples were dissolved and spiked with a mixed
236Ue233Ue229Th solution. The carbonate matrix was removed
with ion-exchange resin, and the purified U and Th fraction diluted
in HNO3 was injected into a multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS, Nu-Instruments Plasma).
The 230Th/238U and 234U/238U activity ratios were calculated using
an internally standardised parallel ion-counter procedure and
calibrated against the HU-1 secular equilibrium standard. Detrital
Th was corrected by applying an empirically derived initial activity
ratio (230Th/232Th)i of 1.3 ± 0.45. This value, and the relative 2s
uncertainty, were calculated following Hellstrom (2006) by using a
Monte Carlo procedure based on stratigraphical constraint among
the U/Th ages. The applied correction is the same as that employed
for the Holocene speleothem RMD1 (Zanella et al., 2018). The age-
depth relationship and the resulting speleothem growth rate were
calculated using a Bayesian Monte Carlo approach (Drysdale et al.,
2005).
certainty, in grey the age excluded as outlier. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
3.5. Rock magnetic measurements

Magnetic measurements were performed at the ALP Paleo-
magnetic Laboratory (Peveragno, Italy) with the methods detailed
in Zanella et al. (2018). Briefly, low-field susceptibility (km) mea-
surements were performed using a KLY3 kappabridge with a
sensitivity of the order of 10�8 SI (AGICO). Bulk susceptibility was
measured at least five times for each subsample, and the average
values and relative standard deviations calculated. Samples were
weighed to determine the mass-normalized susceptibility (c, m3

kg�1) with the relationship: c ¼ (k/m) x v, where m is the mass of
the specimen and v the volume, assumed to be 10 cm3 for each
sample. A JR6 (AGICO) spinner magnetometer with a sensitivity of
10�6 A/mwas used tomeasure the natural remanentmagnetization
(NRM, Jr), and the mass-normalized NRM (J) was calculated. Each
sample was AF demagnetized (ASC Scientific D-200 demagnetizer)
up to peak field of 100 mT, then Isothermal Remanent Magnetiza-
tion (IRM) curves were obtained by a pulse magnet (Bussi) applying
stepwise increasing fields up to 1 T.
4. Results

4.1. Chronology

Nine U/Th ages were obtained from RMD7 (Table 1). One was
rejected as an outlier while the remaining eight are in stratigraphic
order within the associated age uncertainties and were included in
the age-model calculations. The age model spans the interval
182.2 ± 3.9 ka to 156.9 ± 6.1 ka and has a mean associated uncer-
tainty of ~2.8 kyr (Fig. 2). The resulting temporal resolution is, on
average, 112 years for the stable isotope record and 549 years for
the magnetic record.
Table 1
Corrected (in bold) and uncorrected U/Th ages for core RMD7. The activity ratios have bee
decay constants of 9.195 � 10�6 (230Th) and 2.835 � 10�6 (234U). Depths are mm from

Sample ID 238U ng/g Depth (mm) 230Th/238U 234U/238U

RMD7-2 94 2.5 0.8471 1.0524
RMD7-E* 1.08 8.50 0.8595 1.0485
RMD7-D 82 25 0.8498 1.0680
RMD7-25 88 75 0.8528 1.0555
RMD7-C 108 97 0.8430 1.0510
RMD7-131 96 131 0.8595 1.0566
RMD7-B 83 159 0.8810 1.0666
RMD7-A 202 0.8786 1.0664
RMD7-225 28 225 0.8817 1.0575
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4.2. Microstratigraphy and petrography

RMD7 is composed of light-coloured translucent calcite. It
shows darker bands with faint to well-defined laminations (Fig. 3).
Microstratigraphic observations reveal that the dominant fabric is
columnar elongated (Ce) calcite (Frisia, 2015), a type of speleothem
columnar fabric typically observed when the Mg/Ca ratio (molar) in
the feed water exceeds 0.3, which is common where the host rock
includes dolomite (Frisia, 2015). Columnar fabric and its subtypes
are associated with relatively constant drip discharge and low
calcite supersaturation state (Frisia, 2015; Frisia and Borsato, 2010).
In flowstone RMD7, we observed both compact columnar elongated
(Ce), with serrated crystal boundaries and a few lateral over-
growths (Fig. 3.1) and open columnar elongated with lateral over-
growths (CeOlo), which is characterized by small elongated pores
between crystals partially filled by lateral overgrowths. The CeOlo
has been further subdivided into three sub-types on the basis of the
density of lateral overgrowths: CeOlo-a shows elongated columnar
crystals, few elongated cavities and some lateral overgrowths
starting from the crystal edges (Fig. 3.3). The amount of detrital
material is scarce. In CeOlo-c (Figs. 3e6), the detrital content is
higher, crystals have irregular edges and are largely covered by
lateral overgrowths. Particularly in this sub-type, some of the
columnar individuals consist of a mosaic of crystals which seems to
indicate small-scale dissolution of lateral overgrowth and syntaxial
reprecipitation onto the elongated columnar crystals. This process
could be defined as ripening or aggrading neomorphism and is
considered to indicate incipient diagenesis (Frisia, 2015). Likely, for
RMD7, it is related to the occasional influx of undersaturated wa-
ters, such as those from flooding of the cave river during seasonal
n standardized to the HU-1 secular equilibrium standard, and ages calculated using
top. The age in italics was rejected as an outlier.

Age uncr (ka) 232Th/238U 230Th/232Th Age cr (ka) 2se (ka)

173.65 0.113875 7.4 157.59 6.23
181.96 0.041854 20.5 176.33 3.94
167.86 0.014066 60.4 166.02 4.33
174.99 0.003565 239.2 174.53 2.22
172.35 0.006548 128.7 171.45 5.37
177.81 0.004716 182.3 177.19 2.02
183.88 0.025597 34.4 180.56 5.27
182.74 0.013878 63.3 180.92 5.17
189.219 0.051407 17.2 182.36 3.71



Fig. 3. Left: core RMD7 and the sketch of its micropetrographic features, with the mass-susceptibility (c) plotted in black (the red dot corresponds to sample RMD7-46). On the
right, photomicrographs from thin sections. 1-Elongated columnar calcite with sparse lateral overgrowths (Ce); 2-A1 type detrital lamination deposited on Celo-b fabrics, lamina
indicated by a red arrow; 3-Columnar calcite with lateral overgrowths (Celo-a) and elongated pores (marked by arrows); 4-A2 type detrital lamina (marked with red arrow),
deposited over an A1 lamination; 5- Fabric Celo-b on the left passing to Celo-a on the right; 6- Celo-c showing elongated columnar crystals with abundant lateral overgrowths and
high detrital content. 7-Silty detrital lamina at the base of RMD7 (marked by a red arrow). The black bars on the photomicrographs are 1 mm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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melting, over the flowstone surface. Importantly, due to its episodic
nature, the spatial and temporal scale of this diagenetic modifica-
tion is much shorter than the temporal resolution of the record, and
thus has negligible consequences on the preservation of the orig-
inal geochemical signals. CeOlo-b shows features intermediate be-
tween CeOlo-a and CeOlo-c (Fig. 3.5). The transition between the
different subtypes is usually gradual. The alternation of compact
and open-columnar fabric in different portions of the same spe-
leothem commonly indicates a change in drip (flow) rate (Frisia and
Borsato, 2010), with the CeO forming from a thicker water film
under higher drip rate and with low degassing rates (Frisia, 2015).
The detrital phase of RMD7 is mostly composed of cryptocrystalline
and opaque, dark material, comprising clay minerals, soil colloids
and iron oxides. It occurs both as diffuse material and in thin
laminations parallel to the flowstone surface. Two types of lami-
nation can be identified: A1 and A2. A1 laminations are more
marked and continuous (Fig. 3.2). Their presence is associated with
partial erosional features, where crystals show irregular (rounded
or jagged) apical terminations. These erosional surfaces do not
represent true hiati, as some crystals show continuous growth
through the lamina. A2 laminations are not associated with erosion
features, and are thinner and often discontinuous (Fig. 3.4). In
addition to A1 and A2 lamina, a 1 mm-thick silty layer occurs close
to the core base (227 mm from top: Fig. 3.7)

4.3. Magnetic properties

Rock magnetic measurements are reported in Table S1. Bulk
5

susceptibility of RMD7 (km) ranges from �1.5 mSI to 2.08 mSI and its
mass magnetic susceptibility (c) between and �11.88 � 10�9

m3kg�1 and 14.5 � 10�9 m3kg�1 (Fig. 4), with only one sample
showing c of 123.82� 10�9 m3kg�1. Most of the samples have small
negative magnetic susceptibilities. Calcite mass susceptibility is
about�4.46� 10�9 m3kg�1 (Almqvist et al., 2010), thus most of the
c series of RMD7 reflects the prevailing contribution of diamagnetic
calcite. c values lower than the reference value can be explained by
the fact that speleothems consist of crystal aggregates, where each
crystal may have its c-axis that is not perfectly parallel to those of
the adjacent individuals (Zhu et al., 2012; Borradaile and Henry,
1997). c values > �4 � 10�9 m3kg�1 are due to the input of
paramagnetic and ferromagnetic detrital material, sourced from
the bedrock, the regolith and the soil (Zanella et al., 2018). Positive
values are only distributed in three sections of RMD7 core, at
181.6 ± 3.4 ka (sample RMD7-46, 123.8 � 10�9 m3 kg�1, corre-
sponding to the silty layer identified in thin section), between
177.4 ± 1.8 and 176.4 ± 1.7 ka and between 173.9 ± 1.8 and
170.3 ± 3.2 ka (Fig. 4). These intervals correspond to darker bands,
A1 type laminations and to CeOlo-b and and CeOlo-c fabric subtypes
(Figs. 3 and 4). The mass-normalized natural magnetization in-
tensity (J) varies between 0.28 � 10�5 Am2 kg�1 and 39.24 � 10�5

Am2 kg�1, with an average value of 4.50∙10�5 Am2 kg-1 (Fig. 4). The
J and the c series are significantly correlated (r ¼ 0.63, excluding
RMD7-46). The correlation increases (r ¼ 0.66) when only the
values higher than the calcite background ( �4 � 10�9 m3kg�1) are
considered, and is not significant at more negative c values
(r ¼ 0.04) (Fig. S1). This indicates that both J and c spikes are



Fig. 4. Results vs age for RMD7 core. From bottom: micropetrographic log and detrital
laminations; mass-normalized magnetic susceptibility (c; 10�8 m3kg�1), the dotted
grey line is the bulk calcite c value, the brown-shaded rectangles indicate the range of
c values defining the background magnetic flux (BMF, Regattieri et al., 2019). Sample
RMD7-46 is not reported on the c plot and its position is marked by an asterisk.
Natural Remanent Magnetization (J; 10�5 Am2kg�1); Median Destructive Field (MDF,
mT, on a logarithmic scale, sample RMD7-46 reported in black); d18O (‰ VPDB); d13C
(‰ VPDB); 3 points-smoothed growth rate (mm/kyr), dashed lines are 10th order
polynomial fits showing the long term trend of the time series. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 5. left: Correlation between stable C and O isotopes by fabric subtype. Data from
Holocene speleothem RMD1 (light red triangles) are also shown (Regattieri et al.,
2019a); right: Susceptibility values and growth rate for the different fabric subtypes.
Ce ¼ elongated columnar; Celo ¼ elongated columnar with lateral overgrowth
(following Frisia (2015); see section 4.2 for details). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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essentially controlled by changes in the concentration of para-
magnetic or ferromagnetic detrital minerals.

The Median Destructive Field (MDF) obtained by the AF
demagnetization curves, and defined as themagnetic field required
to reduce the magnetic intensity by half, characterizes the stability
of the carriers of remanent magnetization, and is considered a
proxy for the magnetic grain populations in the speleothem sam-
ple. Typically, increasing/decreasing MDF would suggest a
decrease/increase in the average grain size (Bourne et al., 2015).
MDF values of RMD7 range from 65 to 10 mT, with an average value
of 43mT (Fig. 4). TheMDF shows a negative correlationwith c and J
(r ¼ �0.42 and �0.40, respectively, Fig. S1). For samples with sus-
ceptibility > -4� 10�9 m3kg�1, the average is slightly lower (40mT)
and r ¼ �0.52. This suggests that the magnetic minerals respon-
sible for the susceptibility spikes are also characterized by a coarser
grain size, adding support to their detrital origin. This is particularly
evident for sample RMD-46, which shows the highest susceptibility
(up to 124� 10�9 m3kg�1) and the lowest MDF (10 mT), suggesting
the presence of magnetic mineral particles in the multidomain
(MD) size range (Fig. S1) (Bourne et al., 2015). On the other hand,
when only samples with c < �4 � 10�9 m3kg�1 are considered, the
correlation between c and MDF becomes positive, with r ¼ þ0.40,
and the average increases to 45 mT, suggesting finer and more
uniform magnetic grain size.

4.4. Stable isotopes and growth rate

d13C, d18O and growth rate time-series of RMD7 are shown in
Fig. 4 and reported in Table S2. The stable isotope ratios range
from �12.62‰ and �7.68‰ for carbon and from �8.62‰
to �4.69‰ for oxygen. The two isotope series show a significant
statistical correlation (r2 ¼ 0.69) and a very similar pattern (Fig. 4).
The common long-term trend shows a rapid decrease of isotope
values in the first two millennia of growth, then an interval
comprising the most negative values between ca. 180 and 170 ka.
Between ca. 170 and 167 ka they show an abrupt interval of
increasing isotope ratios (up to 3‰ of variation for both series) and
reach the less negative values of the whole record at 167.8 ± 3.6 ka.
After this, both ratios decrease rapidly, with the d13C showing
values comparable with that of the first interval but the d18O values
remaining 1.5e2‰ higher. In the last fewmillennia of growth, from
ca. 160 to 157 ka, both series rapidly increase up to the end of the
record. Superimposed on the long-term variations, is significant
millennial-scale variability coherently expressed by both isotope
records and particularly pronounced in the first interval up to ca.
170 ka (Fig. 4). Growth rate varies between 50 and 3 mm/kyr and
shows a major decrease at ca. 176 ka. The long-term growth-rate
trend to some extent mimics that of the stable isotopes ratios
(Fig. 4), especially in the first interval up to 170 ka.

5. Discussion

5.1. Significance of RMD7 deposition and insights into soil
conditions

In Alpine caves, the occurrence of speleothem deposition itself
provides information on climate conditions (e.g. Holzk€amper et al.,
2005). RMD7 deposition indicates cave air temperatures >0 �C and
a precipitation/evaporation ratio (P/E) > 1 between ca. 182 and 157
ka. Speleothem growth during glacial intervals in alpine caves has
been related to climate-induced switches from a cold-to a warm-
based glacier above the cave (Hauselm€ann et al., 2015; Luetscher
et al., 2011; Holzk€amper et al., 2005; Sp€otl et al., 2004; Sp€otl and
Mangini, 2007). A warm-based glacier maintains the cave tem-
perature above 0 �C and provides a drip-water supply when mean



Fig. 6. Left panel- Comparison between susceptibility values for RMD7 (MIS6, this study) and RMD1 (Holocene, Regattieri et al., 2019). Susceptibility (c) expressed in 10�8 m3kg�1.
Central panel [234U/238U] plotted vs. 238U concentration for RMD1 (blue dots, Holocene) and RMD7 (red triangles); right-Sketch of proposed catchment and soil settings for the
Holocene and the MIS6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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annual air temperature at the surface is below freezing (Paterson,
1994). However, records from these caves usually show positive
d13C values, indicating 13C-enrichment from the bedrock, enhanced
by pyrite oxidation, and a lack of 13C-depleted soil derived CO2
(Luetscher et al., 2011; Sp€otl and Mangini, 2007; Holzk€amper et al.,
2005; Sp€otl et al., 2004). RMD7 has average d13C values of �7.5‰
(Fig. 4). Assuming a simplified system working near isotopic equi-
librium at each stage, it is possible to obtain a raw estimation of the
d13C of a labile soil carbon pool in equilibriumwith the speleothem
calcite (Bajo et al., 2017; Regattieri et al., 2014; Rudzka et al., 2011).
Considering ca. 1‰ of fractionation between CaCO3 and HCO3

�

(Romanek et al., 1992), RMD7 calcite would have precipitated from
a seepage water having a dissolved inorganic carbon d13CDIC of
-8.5‰. Assuming “open system” conditions (i.e. isotopic equilib-
rium maintained between the DIC and the coexisting isotopically
soil CO2, implying that the speleothem retains a strong imprint of
the biogenic d13C, with no detectable contribution from the car-
bonate host rock; Bajo et al., 2017; Hendy, 1971), and a HCO3

� and
CO2(g) fractionation of 9.0‰ (Zhang et al., 1995), the resulting
theoretical d13C value of soil CO2 is -18.5‰. The d13C of soil CO2 can
be assumed to be close to that of the d13C of soil litter, considering a
fractionation of 4.4‰ caused by different diffusion coefficients for
12CO2 and 13CO2 (Cerling et al., 1991). This results in a calculated
value of �23‰ for a soil CO2 in equilibriumwith RMD7 calcite. The
d13C of soil CO2 depends largely on climate-driven changes in
vegetation type (e.g. C3 vs. C4 plants) and vegetation density (e.g.
Genty et al., 2001). A significant proportion of C4 vegetation
(average d13C value of soil CO2 -17‰, Ehleringer et al., 2000) is not
reported in the central-western Mediterranean during the Qua-
ternary period, particularly for the Alps (Borsato et al., 2015). Soil
d13C at C3 vegetation sites is expected to be in the range �26
to �20‰ (Rudzka et al., 2011; Cerling and Quade, 1993), thus the
value calculated from RMD7 calcite strongly suggests a prevalent
input of CO2 from soil biological activity under a prevalent C3
vegetation. Deviations from this simple model are likely to occur
during actual speleothem deposition. Complete isotopic equilibra-
tion may not occur between soil CO2 and the DIC, with deviations
toward “closed system” behaviour and a more pronounced
contribution of 13C-enriched CO2 from bedrock dissolution (Bajo
et al., 2017; Rudzka et al., 2011; Hendy et al., 1971). Furthermore,
DIC isotopic composition may evolve after equilibration due to the
different contributions of bedrock dissolution and/or prior calcite
precipitation (PCP, Fairchild and Treble, 2009). Finally, lowering of
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drip rates and/or stronger cave ventilation, promoting preferential
degassing of 12CO2, can further affect the final speleothem d13C
(Tremaine et al., 2011). However, it must be noted that each of the
abovementioned factors tends to drive the d13C toward higher
values, implying an even “lighter” initial CO2 flux (Rudzka et al.,
2011; Tremaine et al., 2011). An alternative hypothesis to explain
the low carbon isotope ratios of RMD7 is that ‘light’ CO2 evolved
from the respiration of microbial communities that are known to
dwell at the interface between ice and rock inwet-based glaciers. In
this hypothesis, a warm-based glacier would have covered the
catchment. Subglacial microbial communities scavenge 13C-
depleted carbon from buried/fossil soil, inherited from the pre-
ceding interglacial, and/or use chemolitothrophic pathways that
source energy fromminerals in the rock or use dead organic carbon
(Frisia et al., 2017; Boyd et al., 2014). The CO2 evolved by microbial
respiration would be analogous to that evolved in soil, and indeed
d13C values between �11‰ and �9‰ have been reported for sub-
glacial carbonate crusts developed on non-karstic rocks
(Refsnider et al., 2014; Thomazo et al., 2017). Columnar calcite
formed in the Holocene in the Milchbach cave, under the Upper
Grindenwald Glacier (Switzerland), have d13C values as low as�3‰
(Luetscher et al., 2011). Similarly, Sieben Hegste stalagmites formed
during the Last Glacial Maximum under an ice-covered catchment
have columnar calcite fabric, but d13C values that are positive, as the
cave system is large and affected by ventilation (Luetscher et al.,
2015). Thus, based on existing data from speleothems formed in
the European Alps under wet-based glaciers, the RMD7 d13C values
are more consistent with CO2 sourced from soil. Moreover, it is
noteworthy that both themacroscopic andmicroscopic appearance
of RMD7 are very similar to the Holocene flowstone RMD1, and
both show a similar range of d13C and d18O values (Fig. 5). These
considerations strongly suggest that at least part of the Rio Martino
catchment was ice-free during the growth period of RMD7, and that
climate conditions allowed the development of soils and
vegetation.

The comparison between RMD7 and the Holocene speleothem
RMD1 (Regattieri et al., 2019a) raises a further hypothesis about soil
status during MIS 6. For RMD1, susceptibility values �4<
c < 12 � 10�8 (m3kg�1) have been interpreted as representative of
changes in the concentration of fine-grained material deposited via
diffuse infiltration through the host rock. This “background mag-
netic flux” (BMF) mostly derives from pedogenic magnetite and is
delivered to the speleothem due to soil erosion and water
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infiltration. The cause of higher BMF background values in the early
Holocene have been attributed to a steady flux of material from a
well-developed soil. Conversely, a more “spiked” behaviour during
the late Holocene was related to reduced vegetation and enhanced
soil erosion. The comparison between RMD1 and RMD7 (Fig. 6)
shows a much lower percentage of samples in the BMF range for
RMD7 (29% vs 70%). The formation of magnetite is favoured inwell-
drained, well-developed soils (Maher et al., 2003). The reduced
BMF in RMD7 may thus indicate the presence of less-evolved or
poorly drained soil in MIS6 compared to the Holocene. Further
insights can be inferred by comparing the initial 234U/238U activity
ratios- [234U/238U]i - measured for the dated samples of both spe-
leothems (Fig. 6). U isotopes do not fractionate during calcite
deposition, thus the speleothem [234U/238U]i reflects that of the
solution from which they formed (e.g. Hellstrom and McCulloch,
2000). Variations in speleothem [234U/238U]i have been related to
changes in the relative proportion of U derived from carbonate
bedrock versus that originating in soil (Hercman et al., 2020;
Frumkin and Stein, 2004; Ayalon et al., 1999; Kaufman et al., 1998).
Water interacting with thicker and more developed soil exhibits a
higher 234U content due to greater mineral-water interaction times
and to leaching of organic and inorganic colloids preferentially
transporting 234U (Riotte et al., 2003). Further, longer water resi-
dence times may allow a greater proportion of direct 234U recoil in
water, resulting in elevated U isotope ratios during periods of
slower flow (Hellstrom and McCulloch, 2000). [234U/238U]i of both
Rio Martino speleothems is > 1, but it is systematically higher for
the Holocene flowstone (average 1.28 vs 1.06), which also shows
higher 238U concentration (768 vs 83 ng/g), Fig. 5. The lower
[234U/238U]i may thus suggest a reduced soil-water interaction for
the MIS6 sample, possibly due to a thinner, coarser or discontin-
uous soil cover and/or to faster infiltration. Also, microstratigraphic
analyses show that RMD1 is composed predominantly of compact
Ce calcite, suggesting relatively slow and constant drip rates
(Regattieri et al., 2019a), whereas RMD7 shows the alternation of
Ceolo fabric subtypes, suggesting higher flux and a more variable
discharge, especially in the ca. 180e170 ka period (Fig. 4). In RMD7,
the more disturbed CeOlo-b and CeOlo-c fabrics also show slightly
highermagnetic susceptibility and growth rate, and amore variable
MDF (Fig. 5). This suggests a more irregular hydrological regime
with respect to the Holocene, with enhanced infiltration and
increased coarser detrital transport, likely arising from episodic
flooding of the cave during the melting season, especially in the
180e170 ka interval (Fig. 4). It must be taken into account that
RMD7 and RMD1 come from two different, though adjacent, cave
galleries (Fig. 1), thus the observed differences in magnetic,
geochemical and lithological properties may simply be due to
separate drips feeding systems, interacting with different lithol-
ogies and/or characterized by diverse residence times. However,
the comparison of the different proxies consistently points to
reduced soil development during the MIS 6 compared to the Ho-
locene, and shows evidence for a higher discharge variability.

5.2. The hydrological significance of the d18O record

The calcite d18O is the most commonly used paleoclimate proxy
from speleothems (e.g. Lachniet, 2009). The main underlying as-
sumptions to its use are that: i) calcite precipitation occurs close to
isotopic equilibrium; and ii) the d18O of the drip water reflects the
d18O of the precipitation. Deposition at equilibrium in calcite spe-
leothems is probably rare (Da€eron et al., 2019). Recent literature
suggests that there are many possible pathways of calcite crystal-
lization. These include particle-mediated nucleation and/or trans-
formation from a microbial-mediated, amorphous, metastable
carbonate phase (Frisia et al., 2018; Demeny et al., 2016). The
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diverse pathways may influence the preservation of original
chemical and physical properties of the forming fluid, and often
result in apparent age inversions due to Umobilization (Frisia et al.,
2018). Typically, bio-mediated speleothem calcite is characterized
by mosaic or micritic fabrics (Frisia et al., 2018; Luetscher et al.,
2011). The stratigraphic coherence among U/Th ages and the
columnar fabrics observed in RMD7 suggest inorganic deposition
occurring in quasi-equilibrium condition (Frisia and Borsato, 2010),
and the absence of significant diagenesis. Although the open-
columnar fabric is related to increasing degree of disequilibrium,
and the presence of lateral overgrowth may be indicative of
incipient diagenesis, stable isotope values for the different fabric
sub-types identified along RMD7 largely overlap (Fig. 5). Further-
more, the isotope time series do not exhibit important and abrupt
shifts related tomicrostratigraphic changes, suggesting the absence
of large kinetic isotope fractionation or diagenetic offsets among
the fabric sub-types (Fig. 4).

A recent global compilation of cave water/precipitation moni-
toring data shows that the drip water d18O is most similar to the
amount-weighted precipitation d18O when mean annual temper-
ature is < 10 �C (Baker et al., 2019), as in the case of Rio Martino
Cave. Thus, we can assume that the d18O values of RMD7 reflect that
of the meteoric precipitation occurring during its formation. The
d18O composition of RMD1 has been interpreted as related to hy-
drological variations, with lower and higher values indicating
wetter and drier periods, respectively (Regattieri et al., 2019a). This
interpretation is commonly applied to Mediterranean speleothems
(Regattieri et al, 2018, 2019b; Tzedakis et al., 2018; Columbu et al,
2017, 2018; Finn�e et al., 2014; Bar-Matthews et al., 2003; Bard
et al., 2002) and to southern Alpine speleothems (Columbu et al.,
2018; Belli et al., 2013). It relies on the observation, made by Bard
et al. (2002), that the d18O of western-central Mediterranean pre-
cipitation is strongly influenced by variation in the amount of
rainfall (with a gradient of ca. �2‰ per 100 mm/month). Instead,
temperature variations cause only a small fractionation in Medi-
terranean meteoric precipitation (ca. þ0.3‰/�C), which is coun-
terbalanced by the temperature-dependent fractionation occurring
at the site of calcite deposition (ca. �0.2‰/�C, Kim and O’Neil, 1997,
i.e. similar in magnitude, but opposite in sign). On the contrary,
northern Alpine and central Europe speleothem d18O series are
usually interpreted as being positively related to temperature var-
iations (e.g. H€auselmann et al., 2015; Sp€otl andMangini, 2002). This
is because of the stronger temperature-dependence of fraction-
ation affecting meteoric precipitation in those regions (ca.þ0.58‰/
�C; Rozanski et al., 1993) and to the negligible influence of the
“amount effect” on the isotopic composition of precipitation.
Additional influences on the d18O can be exerted by changes in the
seasonality of the precipitation. Winter and summer precipitation
are 18O-depleted and 18O-enriched, respectively, thus a bias toward
one season of recharge could affect the d18O signal recorded in the
calcite. In particular, water derived from ice and snow melt usually
shows depleted values. Noteworthy in RMD7, the fabric subtypes,
CeOlo-b and CeOlo-c, indicate the highest flux variability, and
correspond to lower d18O values (Fig. 6) They are also, on average,
more negative than the Holocene sample RMD1 (Fig. 6). This
possibly reflects a stronger influence of seasonal snow and ice melt
on the annual budget. Changes in the location (Luetscher et al.,
2015), or in the isotopic composition of the source of precipita-
tion, can be also reflected in the speleothem d18O (Marino et al.,
2015; Bajo et al., 2020.

5.3. The RMD7 record in the alpine context

Based on the proxy interpretation presented above, the multi-
proxy record from RMD7 shows the wettest conditions, the highest



Fig. 7. Upper panel: A) the RMD7 d18O record (in blue, this study) with superimposed
the summer insolation intensity at 65�N (dotted line) and the precession index (red
line); B, The d18O record from Piani Eterni Cave (Columbu et al., 2018); C) the d18O
record from Argentarola Cave (Bard et al., 2002); D) Lake Ohrid modelled precipitation
(green, Wagner et al., 2019) and Total Organic Carbon (TOC) content (brown, Francke
et al., 2016). E) Alkenone SST records from marine cores PRLG-1 (purple, Gulf of
Lyon, Cortina et al., 2015), core MD01-2444 (dotted orange, Iberian Margin, Martrat
et al. ref) and core ODP-977 (brown, Alboran sea, Martrat et al., 2007). The timing of
deposition of Sapropel S6 (following the chronology of Ziegler et al., 2010) is also
shown. Lower panel: interval of speleothem deposition from Spannagel (Holzk€amper
et al., 2005) and Piani Eterni caves (Columbu et al., 2018), and orbital parameters
(June insolation intensity at 65�N and precession index, Laskar et al., 2009). The global
benthic stack LR04 (Lisiecki and Raymo, 2005) is also shown as reference. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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hydrological instability at the millennial scale, and possibly
enhanced influence of seasonal infiltration of meltwater, in the
180e170 ka period. From 170 ka, and especially between 170 and
163 ka, the reduced growth rate and the higher stable isotope ratios
suggest colder and drier conditions. This interval is followed by a
partial recovery and by a further deterioration after 160 ka, with
possibly reduced seasonal melting due to reduced ablation and/or
perennial snowpack, permafrost or glaciers developing in the
catchment and leading to the end of deposition at 158 ka. To place
the period of RMD7 growth in the general frame of Alpine glacia-
tion is challenging because the timing and extension of the
penultimate glaciation over the Alps is poorly constrained. The few
available direct and chronologically constrained lines of evidence
(U/Th dating on cement, luminescence and exposure dating of
erratic boulders and glacio-fluvial deposits) suggest that a very
prominent glaciation, much larger than the LGM, occurred in the
Swiss and German sectors of the Alps sometime between 170 ka
and 140 ka, and may represent the most extensive glaciation (MEG)
for the area (Dehnert et al., 2010; Graf et al., 2007). Particularly, in
the Swiss Alpine foreland (Fig. 1), it has been subdivided into two
separate ice advances, the most extensive at ca. 185 ka, followed by
retreat after 180 ka and by minor re-advances during the period
150e140 ka (Dehnert et al., 2012). No direct glacial evidence is
available to our knowledge for the Rio Martino area, but the RMD7
growth interval is consistent with the phase of glacier regression in
the Swiss record between 180 and 150 ka (Denhert et al., 2012). For
the last glaciation, geomorphological and geochronological in-
vestigations from the Gesso Valley, a similar environment located
in close proximity to Rio Martino, suggest that glaciers extended to
1000 m a.s.l at ca. 16e17 ka, and report an age of 13 ka for glacial
deposits located at 1800 m a.s.l (Federici et al., 2017 and references
therein). The extensive moraine ridges that can be easily identified
in the current topography above RioMartino are located at a similar
altitude (Fig. 1). Therefore they can be reasonably assigned to the
same phase, suggesting a near-fully glaciated catchment at that
time (Fig. 1). This suggests a smaller ice cover during the 183e157
ka period compared to 13 ka, and places limits on ice extent during
this interstadial phase.

Further constraints on the timing and magnitude of the penul-
timate glaciation can be indirectly inferred from others Alpine
speleothem records. Between ca. 192 and 137 ka, speleothem
deposition ceased at Spannagel Cave (2400 m a.s.l., Austrian Alps,
Figs. 1 and 7; H€olzkamper et al., 2005), suggesting that glacial
conditions weremaintained at altitudes higher than Rio Martino, at
least on the northern side of the Alps. In the Piani Eterni karst
system (Fig. 1, Italian Alps, 1800 m a.s.l; Columbu et al., 2018),
phases of speleothem deposition match transitional climate pe-
riods of the last 375 ka. Growth is inhibited during most glacial
peaks because of cold and dry conditions, whereas during full in-
terglacials, the generally wetter climate and the melting of higher-
altitude glaciers cause flooding of the ephipreatic levels, causing
cessation of deposition (Columbu et al., 2018). During the MIS7a-
MIS 6 interval, the Piani Eterni record shows an interval of growth
between 195.2 and 182.1 ka (MIS 7 to MIS6 transition), followed by
a hiatus until 169.2 ka (Fig. 7). This hiatus corresponds precisely
with the wettest and most hydrologically unstable interval inferred
from the RMD7 record (Fig. 7), supporting the notion of a flooding
phase at Piani Eterni. Interestingly, an interval of cool-temperate
forest expansion was identified in the pollen record from the
Azzano Decimo plain, located between the Adriatic coast and the SE
alpine foreland (Pini et al., 2009, Fig. 1). This interval postdates the
marine regression at the end of MIS 7a and precedes the onset of
fluvioglacial deposition related to the growth of the upstream
Tagliamento glacier, whose maximum expansion for the MIS 6 was
likely attained at ca. 150 ka (Pini et al., 2009). Thus, the post-MIS 7
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forest expansion at Azzano may be coincident with the wettest
period between 180 and 170 ka, whereas the ensuing interval of
forest contraction, progressively leading to steppe vegetation, may
be coincident with the deterioration trend observed in the spe-
leothems since 170 ka. Overall, the presented evidence points to a
wetter and warmer early MIS 6 interstadial phase, promoting
glacier retreat and soil and vegetation development over the
southern Alps, followed by a trend towards drier and colder con-
ditions during the late MIS 6.

5.4. Mediterranean influence over the Southern Alps at time of
sapropel S6 deposition and influence of boundary conditions

The Alpine interstadial inferred from the Rio Martino record
matches closely, both for timing and magnitude of the d18O shift,
the stalagmite record from Argentarola Cave (Figs. 1 and 7;
Southern Tuscany, Bard et al., 2002), and the pattern precisely fol-
lows that of the precession index (Fig. 7). At Argentarola, the d18O
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depletion over this period has been primarily related to the amount
effect, and interpreted as a prominent humid period over the
western Mediterranean, coincident with deposition of Sapropel S6
in the eastern Mediterranean. The atmospheric configuration
related to sapropel formation (i.e. the northward migration of the
ITCZ during high climatic precession) amplified subsidence over,
and persistence of, summer high-pressure systems in the Medi-
terranean, leading to warmer and drier summers and higher sea-
surface temperatures (Wagner et al., 2019). This leads to amplifi-
cation of local cyclogenesis, causing intense autumn precipitation
in the northern Mediterranean borderlands, as recently shown at
Lake Ohrid for interglacial sapropels of the last 1.3 Ma (Fig. 1;
Southern Balkans,Wagner et al., 2019). The timing of the increase in
western Mediterranean precipitation apparent from Argentarola
and Rio Martino corresponds to an increase in the Total Organic
Carbon (TOC) content in the Lake Ohrid sediment (Fig. 7), a proxy
for lake primary productivity influenced by temperature and pre-
cipitation (Francke et al., 2016). It is also consistent with Ohrid
modelled precipitation over the same period (Fig. 7). This co-
herency extends the mechanism to the cold sapropel S6, and sug-
gests that the effect of enhanced local cyclogenesis for this interval
was not restricted to the Mediterranean, but also reached the
Southern Alps

It is noteworthy that the Holocene record from Rio Martino does
not show prominent changes during the deposition of Sapropel S1
(Regattieri et al., 2019a), whereas wetter conditions are inferred
from central Italy (Tuscany) speleothems between 8.9 and 7.3 ka
(Zhornyak et al., 2011; Zanchetta et al., 2007). Over this period, a
compilation of Alpine records shows an enhanced eastward pene-
tration of Mediterranean precipitation, as expected, but also cooler
and wetter summer conditions, possibly leading to a small glacial
expansion (Sp€otl et al., 2010 and references therein). This difference
between the Alpine response during the intervals of deposition of
S1 and S6 may be due to the peculiar combination of the MIS6
boundary conditions. During glacial periods, the increased size of
boreal ice sheets caused a southward shift of subpolar low-pressure
systems, and a more sub-zonal atmospheric circulation compared
to the Mid-Holocene (Luetscher et al., 2015; Pausata et al, 2009,
2011; Kuhlemann et al., 2008). This atmospheric configuration led
tomore frequent and/ormore persistent outbreaks of northerly and
westerly cold air masses to the western Mediterranean, channelled
through the Rhone valley and the northern Pyrenees rim, and
entering the basin at the Gulf of Lyon (Cacho et al., 2001). Here, they
caused higher wind stress, SST cooling and mixing of the water
column (Cortina et al, 2011, 2013, 2015; Kuhlemann et al., 2008).
Modern observations show that these cold-air outbreaks induce
the rapid formation of a shallow vortex over the Gulf of Genoa, and
stimulate cyclogenesis and moisture transport to the SW lee of the
Alps (Aebischer and Sch€ar, 1998). Interestingly, for the early MIS 6
(180e160 ka), the record from marine core PRLG 1, located in the
Gulf of Lyon, shows a different pattern and generally cooler SSTs
compared to otherMediterranean andmid-latitudes core locations,
although local SSTs were higher than the ensuing and preceding
intervals (Fig. 7). We suggest that during the 180e170 ka period, the
interaction between the intensified north-westerly cold flow
(relating to increased ice volume), and the relatively warm waters
of the NW Mediterranean (due to the peculiar atmospheric
configuration occurring at the precession minimum) strongly
enhanced cyclogenesis in the Northern Tyrrhenian Sea. This fuelled
intense precipitation to reach the Southern Alps, especially the SW
sector where Rio Martino is located. At the same time, the warmer
summer maintained high levels of ablation, promoting glacial
retreat and vegetation development. After 170 ka, during the
descending limb of precession, the decreased seasonal contrast
caused a reduction in SST and weakened Mediterranean
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cyclogenesis. This promoted the progressive reduction in precipi-
tation evident in the RMD7 proxies. However, the persistence of
cold outbreaks stimulating local atmospheric perturbations in the
Northern Tyrrhenian Seawould havemaintained elevatedmoisture
transport towards the southern flank of the Alps, favouring snow
accumulation in the glaciological catchment of the large piedmont
glaciers. At the same time, the decrease in summer insolation led to
reduced ablation. Glaciers were thus able to advance, although the
overall arcuate EeWorientation of the southern Alpine fringe with
respect to atmospheric circulation patterns may have led to
extreme differences in precipitation rates across the Alps, and thus
in glacier equilibrium lines altitudes (Ivy-Ochs, 2015; Luetscher
et al., 2015; Florineth and Schluchter, 2000). This would have led
to the end of the interstadial phase, almost coincident with the
insolation minimum at ca. 160 ka (Fig. 7).

5.5. Millennial scale variability over the early MIS 6

Superimposed on the orbital-scale changes, the Rio Martino
record shows prominent and rather periodic hydrological climate
instability at sub-orbital scale, which shows a higher frequency in
the phase of growth up to 170 ka, with five wetter/drier oscillations
alternating with a rather regular period of ca. 2 kyr (Fig. 4). The
large chronological uncertainty (average 2.8 kyr) associated with
our record prevents a detailed discussion on the timing of this
variability, and hampers our ability to correlate it with widespread
evidence of multiple climate cycles within the early MIS 6 from
Mediterranean and European lakes and speleothem records
(Wainer et al., 2013; Roucoux et al., 2011; Plagnes et al., 2002).
However, some consideration of its general structure, significance
and forcing can be achieved by comparing it with hemispheric and
global reference records available for this period. In the combined
terrestrial and marine record from the Iberian Margin marine core
MD01-2444 (Fig. 1), three marine-terrestrial interstadials are
recognized in the 180e170 ka period (Fig. 8; Margari et al., 2014;
2010). They show coherent changes in surface and deep-water
hydrography, consistent with the operation of the bipolar-seesaw,
and a synchronous response of vegetation to millennial-scale
changes in North Atlantic oceanic conditions. A tripartite struc-
ture is present also in the record of East Asian Monsoon intensity
from Sanbao Cave speleothem in central China, where it is linked to
a synchronous response of low-latitude circulation patterns to
changes in North Atlantic heat content due to the bipolar seesaw
(Fig. 8; Wang et al., 2008). Finally, the same pattern is apparent in
themethane record from the EPICA Dome C (EDC) Antarctic ice core
(Loulergue et al., 2008, Fig. 8), which can be used as a proxy of
Northern Hemisphere millennial temperature fluctuations beyond
the Greenland ice record (Masson-Delmotte et al., 2004). Within
the combined age uncertainties, the millennial-scale structure of
the RMD7 record shows an overall similarity with these records
(Fig. 8). This suggests that over this period the hydrology of the
Southern Alps responded coherently with hemispheric changes in
climate, driven by perturbations of North Atlantic conditions,
which were likely transmitted within the Mediterranean by
changes in the strength and trajectory of westerlies (e.g. Margari
et al., 2014). Interestingly, lithological, organic and paleo-
productivity proxies from the S6 layers in Eastern Mediterranean
cores also show high-frequency changes superimposed on the
general insolation pattern, indicating unstable water column
stratification (Rohling et al., 2015; Triantaphyllou et al., 2010;
Schmiedl et al., 2003;Weldeab et al., 2003). These instabilities were
linked to the influence of climatic boundary conditions in the
northern catchment, and particularly to minor SST fluctuations at
the millennial scale, possibly induced by northerly cold outbursts
and high wind stress. In fact, the PRLG-1 record from the Gulf of



Fig. 8. A) RMD7 d18O (this study, the blue line is the central age, pink and light-blue
shadings represent the associated negative and positive age uncertainties respec-
tively); B) speleothem d18O from Sanbao Cave with the related age uncertainty (Wang
et al., 2008); C) Temperate tree pollen record from core MD01-2444, light-green and
yellow shadings represent the associated negative and positive age uncertainties
respectively); D) Methane record from Epica Dome C Antarctic core, reported on the
AICC2012 chronology (Bazin et al., 2013). The grey rectangles indicates the three main
interstadials during the early MIS 6. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Lyon shows alternating intervals of higher/lower bottom water
ventilation, related to stronger/weaker north-westerly flow and
typically associated with cooling/warming of surface waters
(Cortina et al., 2013, Fig. 7). Although the diverse resolution and
poor chronological control of the marine records prevent detailed
correlation with Rio Martino, we suggest that the related pertur-
bations in local atmospheric circulation contributed to the short-
term precipitation variability, modulating the hemispheric back-
ground variability related to North Atlantic oceanic conditions.

6. Conclusion

We have presented here a multiproxy speleothem record from
Rio Martino Cave (SW Alps) covering the early part of MIS 6
(182e157 ka). The period of deposition, and particularly the
180e170 ka interval, corresponds to a wet interstadial phase that
can be traced across the Southern Alps, and is characterized by
glacial retreat and by the development of soils and vegetation up to
1900e2000 m a.s.l.. The wettest Alpine phase closely follows the
pattern of precession, and corresponds to an interval of increased
precipitation in the western Mediterranean and to the period of
deposition of Sapropel S6 in the eastern Mediterranean. In the
western Mediterranean, the atmospheric configuration related to
sapropel formation led to warmer and drier summers and to
increased local cyclogenesis and enhanced autumn precipitation
(Wagner et al., 2019). The coherence observed between RioMartino
11
and theMediterranean records suggests that the effect of enhanced
local cyclogenesis for the S6 interval was not restricted to the
Mediterranean, but also reached the Southern Alps, contrasting
with the Holocene Sapropel S1 (Sp€otl et al., 2010). We suggest that
this is due to different boundary conditions during MIS6, particu-
larly the interaction between the relatively warmwaters of the NW
Mediterranean, related to the insolation maximum, and the
enhanced cold north westerly flow entering the basin at the Gulf of
Lyon, related to increased ice volume in the northern North Atlantic
during the glacial interval. This peculiar configuration likely stim-
ulated autumn cyclogenesis in the Northern Tyrrhenian Sea, and
caused intense moisture transport towards the Alps. Over this in-
terval, glacial growth was likely inhibited by the high summer
insolation, which enhanced summer melting. After 170 ka, in the
descending limb of precession, the seasonal contrast weakened and
summer temperatures decreased. This caused a progressive
reduction in precipitation, but at the same time reduced summer
ablation, favouring snow accumulation and glacier expansion,
leading to the end of the interstadial at ca. 160 ka. Superimposed on
the orbital pattern, the Rio Martino record shows prominent and
episodic hydrologic instability at the millennial scale, particularly
during the 180e170 ka period. The general pattern of this sub-
orbital variability resembles hemispheric climate changes, and
can be ultimately linked to the operation of the glacial bipolar
seesaw.
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