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Abstract

Here we present a multiproxy record (§'3C, §'80, major and minor element composition, mineralogy,
and low-resolution biogenic silica content) from a lacustrine succession in the Sulmona Basin, central
Italy. Based on previous tephrochronological constraints and a new “°Ar/*°Ar dating of a tephra matching
the widespread X-6 tephra, the record spans the ca. 129-92 ka period and documents at sub-orbital scale
the climatic and environmental changes over the Last Interglacial and its transition to the Last Glacial
period. The 8'80 composition is interpreted as a proxy for the amount and seasonality of local
precipitation, whereas variations in elemental and mineralogical composition are inferred to reflect
climatic-driven changes in clastic sediment input. The observed variations are consistent among the
different proxies, and indicate that periods of reduced precipitation were marked by enhanced catchment
erosion, probably due to a reduction in vegetation cover. The first part of the Last Interglacial shows the
most negative 8'30 values. Comparison with pollen records from the Mediterranean suggests a greater
seasonality of the precipitation at this time. At millennial-to-centennial time scales, comparison of the
Sulmona record with speleothem §'%0 records from central Italy highlights a highly coherent pattern of
hydrological evolution, with enhanced variability and similar events of reduced precipitation consistently
recorded by each isotope record. The observed intra-interglacial variability can potentially be linked,
within the uncertainties associated with each age model, to similar variations observed in sea-surface
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temperature records from the Mediterranean and the North Atlantic, suggesting a link between
Mediterranean hydrology and North Atlantic temperature and circulation patterns that persists during

periods of low ice volume.

Keywords: Paleoclimate; stable isotopes; lacustrine succession; tephrochronology

1. Introduction

The climate of the Last Interglacial (LIG), roughly corresponding to marine isotope stage (MIS) 5e and
the Eemian interglacial in the European pollen stratigraphy (Govin et al., 2015 and references therein),
has many features in common with model projections of future climate, because during this period much
of the Earth experienced a climate warmer than present (e.g. Kukla et al., 2002). Although orbital
parameters for MIS5e are quite different from that of the Holocene (e.g. Berger and Loutre, 1991), the
LIG is a potential analog for projected future global warming and is thus an interesting study case for
evaluating the climate and environmental responses during periods characterized by an excess of warmth.
From this perspective, of particular interest are intra-interglacial millennial-scale climate changes.
Evidence of abrupt climatic variations are well documented in several LIG records from North Atlantic
marine sediments and Greenland ice (e.g. Oppo et al., 2001, 2006; Galaasen et al., 2014; Pol et al., 2014)
and some seem to have propagated into the Mediterranean basin (Sanchez-Gonii et al., 1999; Martrat et
al., 2004, 2014; Sprovieri et al., 2006; Kandiano et al., 2014). Potential expressions of this oceanic driven
instability have also been recognized in central Europe (e.g. Sirocko et al., 2005; Seelos and Sirocko,
2007; Seelos et al., 2009), as well as in the Mediterranean region (e.g. Tzedakis et al., 2003; Brauer et
al., 2007; Drysdale et al., 2007; Couchoud et al., 2009; Milner et al., 2013, 2016; Regattieri et al. 2014a,
2016a; Vogel et al., 2010; Lézine et al., 2010; Zanchetta et al., 2016). However, the effects of such
changes on climate and ecosystems of the European continent are still poorly known and understood
(Galaasen et al., 2014; Govin et al., 2015). Identification, correlation and evaluation of the climatic
expressions of LIG millennial-scale variability outside the North Atlantic region remain unclear or
largely based on postulated temporal phase relations. Addressing these issues requires the compilation
of regionally representative, high-resolution and independently dated paleoclimatic records. Lacustrine
successions deposited in tectonic basins of the Apennines are capable of fulfilling these requirements
(Giaccio et al., 2015a, 2015b; Regattieri et al., 2015, 2016b; Russo-Ermolli et al., 2010) due to the high

sensitivity of the local sediment properties, and particularly of the oxygen stable isotope composition of
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authigenic carbonates (8'%0), to hydrological and environmental changes. Moreover, these archives offer
the possibility to develop independent age models based on the *°Ar/*’Ar geochronometer that can be
directly or indirectly applied to the volcanic ash layers (tephra). These tephra layers, deriving from the
intense activity of Quaternary peri-Tyrrhenian explosive volcanism, are systematically found in the
lacustrine sediments of the Apennine intermountain basins (e.g. Giaccio et al., 2012; Petrosino et al.,
2014).

Of the central Italian continental basins, Sulmona has already been recognized as a promising archive.
The sedimentary record is underpinned by a robust tephrochronological framework (Giaccio et al., 2012,
2013a, 2013b), and provides important insights into climate and environmental evolution of the central
Mediterranean and the linkages with extra-regional climate variability (Giaccio et al., 2015a; Regattieri
et al., 2015, 2016b). In particular, the stable isotope profiles (5'%0 and §'3C), CaCOs content and
tephrostratigraphy of the Popoli section (POP hereafter), documenting Early Last Glacial climate
fluctuations (from ca. 115 to ca. 90 ka), highlight strong Mediterranean—North Atlantic climate
teleconnections as well as the influence of low-latitude circulation patterns (Regattieri et al., 2015). In
order to explore the environmental-hydrological changes over the entire early-to-middle MIS 5 (MIS 5e
to MIS 5c, ca. 129-92 ka), and in particular the intra-LIG millennial scale variability, in this study we
extended through a multiproxy approach (5'%0 and §'3C analysis, CaCO3 content, biogenic silica content,
XRF major and minor element composition, XRD-based bulk mineralogy and “*Ar/*°Ar geochronology)
the investigation of the POP section back to ca.129 ka. The results provide a longer and richer multi-
proxy record, which allows a detailed reconstruction of local environmental change and give insights on
potential relations with the extra-regional millennial-scale variability during the full LIG and at the

LIG/Last Glacial transition.

2. Study site

2.1 Geological and stratigraphic setting

An up-dating stratigraphic framework of the Sulmona Basin (Fig. 1) is provided in Giaccio et al. (2009
with amendments in Giaccio et al., 2013a; 2012), Galli et al. (2015) and Regattieri et al. (2015, 2016b),
to which the reader is referred for integrating the information summarized here. The Sulmona basin (Fig.
1) is a block-faulted intermontane depression which accumulated lacustrine sediments discontinuously
during the Quaternary (e.g. Cavinato et al., 1994; Cavinato and Miccadei, 1995, 2000; Miccadei et al.,
1998; Giaccio et al., 2012, 2013a). The exposed Pleistocene succession in the Sulmona basin is composed

of three main unconformity-bound, alluvial-fluvial-lacustrine units (SUL 6, SUL 5 and SUL 4-3),
3
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chronologically constrained by magnetostratigraphy and tephrochronology (Giaccio et al., 2012, 2013a;
2013b; 2015a; Sagnotti et al., 2014, 2016). The interval investigated here (POP section) corresponds to
the lowermost part of the SUL 4-3 unit (ca. 110-14 ka, Fig. 1). The outcropping portion of the POP
section (~19 m from the top of the lacustrine deposits; Fig. 1) has been described by Giaccio et al. (2012),
with particular attention to its tephrostratigraphy, and by Regattieri et al. (2015), who presented the stable
isotope results (8!°C and §'30) from the lacustrine carbonates and extended the tephrostratigraphic

investigation down to ~ 27 m of the outcrop depth (Fig. 1) by means of a trench and a borehole (Fig. 1).

Six tephras were previously recognised in the POP section, named from top to the base POP1, POP2,
POP2a, POP2b, POP3 and POP4 (Fig. 1 and 2). Descriptions, tephrostratigraphic correlations with other
archives and ages for these tephras have been provided by Giaccio et al. (2012) and Regattieri et al.
(2015) and are summarized in Table 1. Here, we present a new *“’Ar/*’Ar age for tephra POP4, which
chemically matches the X-6 tephra (Regattieri et al., 2015) of the marine tephrostratigraphic schemes of
Keller et al. (1978). This tephra shows a large dispersal area covering the central Mediterranean and the
Balkans (Bourne et al., 2015; Donato et al., 2016, Insinga et al., 2014, Iorio et al., 2014; Leicher et al.,
2016; Lézine et al., 2010; Petrosino et al., 2016; Sulpizio et al., 2010; Vogel et al., 2010).

2.2 Climatic and hydrological settings

The Sulmona Basin is located in the central Apennines (Fig. 1) at a mean elevation of ~400 m a.s.l. The
current mean annual temperature is 13.7 °C and the mean annual rainfall is 870 mm (data from the
Sulmona meteorological station). About 60% of the region’s precipitation has a North Atlantic origin,
especially during winter, whereas the other 40% is mainly sourced from the western Mediterranean (Bard
et al., 2002). The present hydrology of the basin is dominated by large perennial springs fed by the
extensive karst systems hosted in the mountains surrounding the basin, where precipitation reaches
values of about 1200 mm/yr at the summits. These springs are mainly fed by recharge at 1200-1500 m
a.s.l. with minor input from higher altitudes (up to 2900 m a.s.l., Barbieri et al., 2005; Desiderio et al.,
2005 a, b). Because they are recharged at higher altitude, the springs have a §'0 composition lower than
local precipitation (which is ~-7.13%o, data from L’Aquila station, Longinelli and Selmo, 2003).
Discharge is higher during early spring due to snowmelt, lowering further the average 3'%0 isotopic
values of water recharging the basin (Falcone et al., 2008). Waters also have a higher §'*C of dissolved
inorganic carbon (DIC) compared with that of the more superficial springs due to longer water residence
times and rock-water interactions within the karst (Falcone et al., 2008). These springs represented the

main source also for the studied palaco-lake and likely hydrological conditions of the high-altitude
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catchment area dominated its recharge both during drier and wetter periods (Regattieri et al., 2015,

2016b; Giaccio et al., 2015a).

3. Material and Methods

3.1 Stratigraphy, sampling and stable isotope analyses

In the current study we present new results from a ~13.1 m-thick lacustrine interval recovered in the
upper part of the ~ 60 m borehole described by Regattieri et al. (2015), which extends to ~40 m of the
outcrop depth of the previous investigation (Fig. 1). At this depth (corresponding to ~23 m in core, Fig.
1), the lacustrine succession is interrupted by a hydromorphic paleosol with an upper Histic horizon,
which marks the lowermost horizon investigated here. Below this peodogenic horizon (~1 m deep), the
sedimentary succession continues, first with a thin layer of gravel and then, continuously to the core
bottom, with greyish-greenish lacustrine-palustrine marls (Fig. 1). However, there are no chronological
constraints to allow us to define either the length of the sedimentary hiatus (represented by a paleosol
and gravel) or the age of the underlying lacustrine-palustrine sediments, which could be tentatively
attributed to a generic MIS 6 (Fig. 1). Thus, the interval below the peat layer is not discussed further.
The core was sampled at a resolution of ~10 cm between 26.9 m and 31.5 m and of ~5 cm between 31.5
and 39.9 m of the outcrop depth (a total of 13.1 m), which together correspond to the interval between
~10.2 and ~23.3 m of the core depth (Fig. 1). Samples for stable isotope analyses were prepared following
the procedure described in Regattieri et al. (2015, 2016b). Measurements were made with an Analytical
Precision AP2003 continuous-flow isotope-ratio mass spectrometer (IRMS) at the University of
Melbourne, Australia, using the same method as described in Regattieri et al. (2015). Briefly, samples
were digested in 105% phosphoric acid at 70°C. Mass spectrometric measurements were made on the
evolved COz. Results were normalized to the Vienna Pee Dee Belemnite scale using an internal working
standard (NEW1, a Carrara Marble), calibrated against the international standards NBS18 and NBS19.
Average analytical precision on internal standards was = 0.10%o and + 0.05%. for $'30 and &§"*C

respectively.

3.2 Elemental and mineralogical analyses
X-ray fluorescence spectrometry (XRF) and X-ray powder diffraction (XRPD) analyses were performed
at the Earth Sciences Department of the University of Pisa (Italy) using leftover powders of the stable

isotope analyses. XRF analyses were conducted at a resolution of ~25 cm. A NITON XL3t GOLDD +
5
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hand-held XRF unit (HHXRF) was used. Characteristics and performance of the NITON XL3t is
described in Gemelli et al. (2014) and the analytical procedure for sediment samples in Regattieri et al.
(2016b).

X-ray powder diffraction (XRPD) analyses were performed on 23 unevenly spaced samples (Fig. 2),
using a Bruker D2 Phaser diffractometer equipped with a Lynxeye fast detector. Diffraction patterns
were analysed with the Bruker DIFFRAC-EVA software, both for phase identification and for semi-

quantitative estimation of mineral abundances through the comparison of measured peak areas.

Field Emission Scanning Electron Microscopy (FESEM) imaging of three samples (Fig. 2) was
performed with a Bruker QUANTA FEG 450 housed at the Department of Civil and Industrial

Engineering of the University of Pisa,

3.3 Biogenic Silica and sedimentological analyses

Biogenic silica (bSi) concentrations were measured using Fourier transform infrared spectroscopy
(FTIRS) at the Institute of Geological Sciences, University of Bern, Switzerland using the method
described in Vogel et al. (2008) and Rosén et al. (2010). Calibration followed Meyer-Jacob et al. (2014).
Approximately 0.011 + 0.0001 g of powdered sample was mixed with 0.500 = 0.0005 g of oven-dried
spectroscopic grade potassium bromide (KBr, Uvasol®, Merck Corp.) and subsequently homogenized
using a mortar and pestle. A Bruker Vertex 70 equipped with a liquid-nitrogen-cooled MCT (mercury—
cadmium—telluride) detector, a KBr beam splitter, and a HTS-XT accessory unit (multisampler) was
used. Each sample was scanned 64 times at a wavenumber resolution of 4 cm™ (reciprocal centimeters)
for the wavenumber range 520 to 3750 cm! in diffuse reflectance mode. FTIR spectra were normalized
using a linear baseline correction by setting two defined points of the recorded spectrum to zero (3750
and 2210 - 2200 cm™!, respectively) prior to extracting information on bSi concentrations. Estimates of

accuracy and precision of the method are provided in Meyer-Jacob et al. (2014) and Vogel et al. (2016).

3.4 Ar/A° Ar dating and age modelling

A bulk sample of POP4 tephra was collected at the base of the trench described by Regattieri et al. (2015)
and dated by “°Ar/*’ Ar methods to obtain an independent age. Twenty pristine sanidine crystals in the
size range 300-400 um were handpicked under a binocular microscope. To remove the attached
groundmass, they were slightly leached for 5 min in 7% HF acid. A total of 20 crystals were loaded in a

single pit hosted in an aluminum disk and irradiated for 30 min (Irr 95) in the B1 tube of the OSIRIS
6
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reactor (French Atomic Energy Commission, Saclay, France). After irradiation, 13 single crystal were
transferred into individual pit hosted in a copper sample holder and then loaded into a differential vacuum
Cleartran® window. After slight leaching using a 25% W COz laser (Synrad®) at 3.0% of the full laser
power, the 13 individual sanidine crystals were fused at about 12% of the full laser power. The Ar
isotopes were analyzed using a VG5400 mass spectrometer equipped with a single ion counter (Balzers®
SEV 217 SEN), following the procedures outlined in Nomade et al. (2010). Neutron fluence (J) was
monitored by co-irradiation of Alder Creek sanidine standard (ACS-2, Nomade et al., 2005). The J value
was determined from analyses of three ACS-2 single grains and calculated using an age of 1.193 Ma
(Nomade et al., 2005), and the total decay constant of Steiger and Jiger (1977) (i.e., J=3.515 10+ 1.410
10%). Mass discrimination was assessed by analysis of Air pipette throughout the analytical period, and
was calculated relative to a *°Ar/*®Ar ratio of 298.56 (Lee et al., 2006). Several proposed calibrations of
the “°Ar/*°Ar chronometer are currently in use, yielding ages that vary by ~1% (Kuiper et al., 2008;
Renne et al., 2011; Jicha et al., 2016). This implies a difference in the calibrated age for our samples
within the reported total uncertainty. However, because previous “°Ar/*°Ar ages have been published
using these values (Regattieri et al., 2015, 2016b), we chose to keep them for the current investigation.
Procedural blanks were measured every two or three unknowns, depending on the sample beam size
previously measured. For a typical 10-min static blank, the backgrounds were generally about 2.0-2.2
1077 and 5.0-6.0 10" mole for “°Ar and *®Ar, respectively. Full analytical procedures are described in

Nomade et al. (2010).

The age model (Fig. 3) and corresponding 95%-confidence limits were calculated with Clam 2.0 software
(Blaauw, 2010), written in the open-source statistical environment R (R Development Core Team, 2010).
Tephra ages in years before present (Table 1) were used and a smoothing-spline function was applied for
interpolation between each age control point. Smoothing was set to 0.7 in CLAM (a smoothing of 0 is
used for variable sedimentation rate, which produces a very flexible age model, whereas a smoothing of
1 equals linear interpolation between ages, corresponding to constant sedimentation rate). The age control
points (tephra layers) in the upper part of the sequence do not indicate major changes in sedimentation
rate. Because lithological information does not imply distinct shifts in sedimentation rate (i.e., the
lithology is homogeneous throughout the succession), both in the upper and lower parts, for parts of the
section where age control points are lacking, the age-depth modeling was calculated under the

assumption of rather stable sedimentation rates (smoothing = 0.7) for the whole sequence (cf. Fig. 3).
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4. Results and discussion

4.1 Ar/° Ar dating and chronology

Full analytical details for the 13 individual crystals analyses are given in Supplementary Table S1. Age-
probability density spectra with individual single crystal age are presented Fig. 3. Among the 13 crystals
analyzed, ten yielded a similar age. These juvenile crystals allowed calculation of a weighted mean age
of 109.5 + 0.9 ka (20 analytical uncertainty, P = 0.94).

The age model provided in Fig. 3 is based on the tephra layers discussed previously by Giaccio et al.
(2012) and Regattieri et al. (2015). Ages for five of these six tephra layers are the same as those used for
the age model of Regattieri et al. (2015) (Table 1). For tephra POP4, the new *°Ar/*°Ar age of 109.5 +
0.9 ka is employed. Due to the difference between the new direct (109.5 + 0.9 ka) and indirect (108.9 +
1.8 ka; Iorio et al., 2014) “°Ar/*°Ar ages of the POP4/X-6 tephra, and the different age-modeling
approaches, the updated age model for the published section is slightly different from the previous model.
However, both models are statistically indistinguishable, as all the differences are well within the
associated uncertainties. The new age model spans from 92.5 + 4.8 ka to 129.2 + 6.9 ka and the resulting
average temporal resolution of the record is ~90 years (from 91.7 ka to 121.6 ka) and ~50 years (from
121 ka to 130.0 ka) for stable isotope series, ~250 years for XRF results, and ~1 kyr for bSi. The relatively
large uncertainty in the bottom part of the record is due to the lack of control points below the tephra
POP4. Consequently, between ca. 110 and ca. 129 ka the age model is statistically extrapolated under
the assumption of rather constant sedimentation rate (see Methods). To support our approach, it is worth
mentioning that at Sulmona a rather stable sedimentation rate was observed also during the well-dated
MIS 19 period; with no major changes between the full interglacial and the glacial inception (max 19%
of variations for the ca. 770 - 758 ka interval, cf. Fig. 1 of Giaccio et al., 2015). Moreover, ongoing
stratigraphic and chronological investigations on other intervals of the Sulmona succession also suggest

rather constant sedimentation for the MIS 11 and the MIS 13 intervals (our unpublished data).

4.2 Lithology and mineralogy

As for the previously studied interval (Regattieri et al., 2015), the core is composed of greyish-to-whitish,
faintly-to-well-bedded calcareous marl (CaCOs content between 80% and 20%, following the
classification by Freytet and Verrecchia, 2002). FESEM investigations indicate that the carbonate
fraction is mainly composed of euhedral to sub-euhedral calcite crystals of ~3-5 um (Fig. 2). The size

and morphology of the crystals are typical of authigenic calcite, i.e. of carbonates precipitated directly
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from DIC of the lake water, mostly through algal fixation of CO2, influenced by physical conditions,
such as hydrology and temperature (e.g. Kelts and Hu, 1978; Talbot, 1990; Kelts and Talbot, 1990; Leng
and Marshall, 2004, Gierlowski-Kordesch, 2010). FESEM investigations also show an abundance of
diatom remains and rare, rounded, coarser clasts of quartz (Fig 2). Freshwater shells and ostracods
(Mazzini et al., in prep.) are also present throughout the core, demonstrating the continuity of lacustrine
conditions. Carbonate coatings and/or calcareous charophytes remains were not detected, suggesting that
coring site was not influenced by littoral conditions. Overall, the lithology of the whole POP succession
is highly homogeneous, suggesting that no major changes in the deposition environment happened during
the covered time interval. Organic matter is virtually absent in the outcropping interval, due to subaerial
oxidation, and is <1% wt for the core section. X-ray diffraction (XRD) analyses (Fig. 2) reveal that the
prominent mineral phase in all samples is calcite, followed by minor quartz. Low-angle low-intensity
XRD peaks indicate the presence of very minor amounts of phyllosilicates. In one sample, occurring at

127.5 ka, traces of gypsum were found.

4.3 The 6'%0 record and its paleohydrological significance

4.3.1 Background

Stable isotope composition of oxygen (§'0) of continental carbonates (lacustrine marl and speleothem)
depends on isotopic composition of the precipitating solution (drip or lake water) and deposition
temperature (e.g. Kim and O’Neil, 1997). According to the main processes supposed to affect the oxygen
isotope fractionation, the '30 of carbonates is assessed as a proxy for paleotemperature and paleorainfall
amount. The latter is considered to be the dominant process driving §'%0 in the Mediterranean region
(e.g. Bar-Matthews et al., 2000, 2003; Bard et al., 2002; Zanchetta et al., 2007a, 2014, 2016a), together
with precipitation/evaporation (P/E) ratio in lacustrine settings (e.g. Roberts et al., 2008; Zanchetta et al.,
1999, 2007b, 2012). Carbonate §'30 records from the central Mediterranean region also tend to show
overall similarities with North Atlantic marine-sediment and Greenland ice-core records, indicating a
strong teleconnection between North Atlantic temperature and ocean circulation patterns and
Mediterranean hydrology (Drysdale et al., 2004, 2005, 2006, 2007, 2009; Regattieri et al., 2014a, b,
2016a, 2016b; Zanchetta et al., 2012 , 2014, 20164, b). It has also been proposed that the hydrological
significance of 8'80 of Mediterranean continental carbonates can be offset by the effects of changes in

the isotopic composition of the sea source (Rohling et al., 2015; Marino et al., 2015). This effect can be

9
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particularly important during major climatic shift, such as a deglaciation, when the decrease in planktonic
5'%0 due to ice melting precedes the rise in sea-surface temperature (SST). However, multi-proxy studies
from lake sediments and speleothems show variations in recharge-sensitive chemical and lithological
properties synchronous with §'®0 changes, confirming the hydrological significance of §'*0 (Drysdale
et al., 2009; Regattieri et al., 2016a, 2016b). Another factor which can affect the final §'0 of continental
carbonates is change in the relative proportion of Mediterranean ('*O-enriched) versus North Atlantic
('80-depleted) precipitation. During cold periods, the strengthening of the north-westerly wind system
would cause strong airflows through the passages between the Pyrenees, the Massif Central and the Alps,
carrying cold and dry polar or continental air masses to the Gulf of Lyon. This favors cooling and
evaporation of surface water masses in the western Mediterranean, leading to enhanced formation of
Western Mediterranean Deep Water (WMDW) and stronger thermohaline circulation in the basin (Cacho
et al., 2000). This mechanism acts in an opposite direction with respect to North Atlantic, where marine
records indicate a reduced MOC during cold periods (e.g. Rasmussen et al., 1996; Curry and Oppo, 1997;
Vidal et al., 1997). A higher proportion of vapor masses forming within the Mediterranean would have
produced precipitation with higher §'%0, owing to reduced rainout fractionation and evaporation from a
more isotopically enriched water mass compared to the North Atlantic. This fact has been also noted in
several studies of present day precipitation (e.g. Celle-Jeanton et al., 2001). On the other hand, during
warm periods WMDW formation is depressed while MOC is enhanced, leading to greater evaporation
from the more isotopically depleted North Atlantic. This would produce a higher proportion of meteoric
precipitation, having lower §'30 values, exacerbated due to the higher rainout fractionation.

In previous studies on lacustrine carbonates from the Sulmona Basin, the §'%0 composition was
interpreted as a proxy for precipitation amount in the high-altitude catchment of the karst recharge system
(Giaccio et al., 2015a; Regattieri et al., 2015, 2016b), with higher (lower) §'*0 values related to drier
(wetter) conditions. The influence on the final §'30 of local precipitation and evaporation directly within
the lake are considered to be of little relevance due to the large discharge of the karstic springs feeding
the lake. On the other hand, increased evaporation under drier conditions favors the deposition of lake
carbonates with higher §'*0 values, thus acting in the same direction of the amount effect.

Due to the extensive outcrop of carbonate bedrock in the Sulmona watershed (Fig. 1), it may be argued
that detrital carbonate from the catchment may constitute an important component of the sediment. This
would imply that changes in the clastic input could affect the 8'30 composition of the bulk sediment
independently of the hydrological signal discussed above (e.g. Leng et al., 2010). Following the

recommendations of Roberts et al. (2008), to exclude such contamination catchment carbonate rocks
10
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need to be sampled and measured isotopically for comparison. In previous work on Sulmona spanning
the MIS12-MIS11 interval, the comparison of isotope values from lacustrine marls and gravels from
cores and nearby outcrops of marine carbonate bedrock shows that there is no significant mixing between
detrital and authigenic calcite (Regattieri et al., 2016b). In Figure 4, §'0 values for the MIS5 interval
are reported along with those from the MIS12-11 interval (Regattieri et al., 2016b) and from the MIS19
interglacial (Giaccio et al., 2015a). These data are compared with isotope values of gravels from the
Sulmona basin and carbonate alluvial deposits from the nearby Valle Giumentina (Villa et al., 2016),
which drains the same Meso-Cenozoic carbonate domain. This extended comparison confirms the
previous results: isotope values from the lacustrine carbonates can be readily discriminated from those
of the catchment (Fig. 4), thus supporting the hypothesis that the authigenic calcite §'0 signal dominates
even when the clastic fraction is abundant, and that the variations observed are not due to mixing between

allogenic (clastic) and authigenic (bio-meditated) carbonate.

Previously, the millennial variability of the §'%0 record of the POP section for the ca. 90-115 ka interval
(Regattieri et al., 2015) was shown to be consistent with the patterns of Greenland Interstadials (GI) 25
to 23 (NGRIP members, 2004) and North Atlantic cold events C24—C23 (McManus et al., 2004),
indicating a close phase relationship between the early Last Glacial paleoclimate variability of both
regions. The POP record for the early Last Glacial also shows a prominent interval of negative 5'%0
values corresponding to the G124 event (108.0-105.1 ka). The higher amplitude of this oscillation, with
respect to the Greenland §'®O record and to speleothem §'®0 records from the Alps, both interpreted in
terms of temperature (NALPS, Boch et al., 2008), was suggested to be related to enhanced seasonality
of the climate (dry summer and wet winter) causing an annual bias toward '8O-depleted winter

precipitation and thus more negative calcite §'%0 (Regattieri et al., 2015).

4.3.2 The 115-129 ka §'80 record

Stable isotope results plotted versus depth and versus age are presented in Fig. 2 and 5, respectively.

In this new presented interval (~27 to 40 m of the outcrop depth, Fig. 1; from 117.8 to 129.2 ka, Fig. 2
and 5), 8'%0 ranges from -10.58 %o and -7.68 %o. The §'*0 record starts with more negative values,
which, based on the above-mentioned interpretation, indicate enhanced precipitation and potentially
stronger seasonality lasting until 127.3 ka. Between 127.3 ka and 126.3 ka an abrupt rise in isotope values
is related to decreasing precipitation and/or decreasing seasonality. It is followed by two short (~0.5 kyr)

wetter reversals centred at 126.2 ka and 125.3 ka and by a steep trend of increasing values until ca. 125
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ka. From ca.125 to 117.8 ka the record shows higher but more stable §'30 values (Fig. 5). Less prominent
and shorter events (~ 0.5-1 kyr) of reduced precipitation are apparent at 122.7 ka, 119.1 ka, and 116.0 ka
(Fig. 5). It is worth mentioning that the ages attributed to these events are limited by the uncertainties
associated with the age model. However, such uncertainties affect to a lesser extent the age differences

and therefore the length and the temporal spacing of these short climatic events.

4.4 The carbon isotope record

In the newly presented interval, the '°C ranges from -4.35%o to -1.57%o, with a mean value of -3.41%o
(Figs. 2 and 5). The record starts with an interval of values around -3 %o and with a high multi-decadal
to centennial-scale variability. At ca. 126 ka there is an abrupt, brief positive excursion, followed by a
steep decrease until ca. 122 ka, after which values remain relatively stable before the marked dry interval
correlated to the C24 ocean cooling event at ca. 110 ka (Regattieri et al. 2015), but with brief low-
amplitude increase at ca. 116 ka (Fig. 5).

Factors influencing the isotopic composition of DIC in karstic lakes are numerous (Hollander and
McKenzie, 1991; Leng and Marshall, 2004; Mayer and Schwark, 1999; Zanchetta et al., 2012). In
general, *C-depleted intervals reflect an increased input of CO: derived from oxidation of organic matter
within the lake and/or leaching of soil-derived CO2 from the catchment (e.g. Mook and Tan, 1991). On
the other hand, higher 8'*C values suggest increasing equilibration with atmospheric CO2 and/or
contribution from bicarbonate originating from the dissolution of limestone, and/or increased '*C
consumption by biological activity within the lake (e.g. Zanchetta et al., 2012). Influencing most of these
above-mentioned factors are variations in hydrological conditions, such as changes between open and
closed system. These are key drivers for changes in 8'*C composition (e.g. Roberts et al., 2008) and need
to be addressed thoroughly before to make any attempt to interpret the §'3C record in terms of past climate
variability. However, Sulmona is a paleo-lake, so past hydrology is difficult to constrain and cannot be
fully inferred from present-day conditions. Thus, we stress that the interpretation of the §'3C record
proposed here is based on current theory in the context of local physical setting. In the majority of the
interval previously discussed by Regattieri et al. (2015), from ca. 98 to 110 ka, and in the new record
back to ca. 122 ka, the 8'°C closely tracks 8'%0 (Fig. 5). It may suggest that the evolution of the DIC of
the lake follows regional precipitation changes and the local E/P ratio. Covariations between §'%0 and

8'3C in fact can be explained by: i) changes in soil development/productivity, promoted by rainfall-
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induced vegetation cover changes, and thus by changes in the amount of soil CO:2 entering in the karst
system (e.g. Lézine et al., 2010); or ii) to increased water residence time in the lake, which promotes
evaporation (causing '*0-enrichment) and equilibration of the DIC with atmospheric CO2 (causing higher
13C). The §'3C record between ca. 129 ka and ca. 122 ka instead decouples from the §'%0. In detail, it is
possible to define two intervals within this period: from 129.2 ka to ca. 125 ka mean §'*C values are
higher (Fig. 5) with respect to the subsequent portion of the LIG. However, there is a decreasing trend
which mimics that of the §'%0, with a covariant increase at ~ca. 127.3 ka. Conversely, at the centennial
scale, the two curves are anti-correlated (Fig. 4). For the period between ca.125 ka and ca. 122 ka, by
contrast, the 8'°C values decrease rapidly and the anti-correlation with 'O is more persistent. Lower
8'3C values for the interval ca. 129-125 ka can potentially be explained by a muted soil development,
and thus by a low amount of CO2 from OM respiration/oxidation, in the high altitude recharge area of
the karst system. A delayed development of soils in high altitude sites at the beginning of interglacial
periods has already been inferred from speleothems §'*C records from Corchia Cave in central Italy, both
for the LIG (Drysdale et al., 2005, 2009, Fig. 5) and for the Holocene (Zanchetta et al., 2007a). The lag
observed in the POP record is comparable to that of Corchia (2-3 kyr), as is the altitude of the recharge
areas of the two sites (1200-1500 for Sulmona and ~1200 m a.s.l. for Corchia). Also at Sulmona, it is
likely that glacier cover and erosion and/or sparse alpine vegetation cover may have hampered soil
development during the early LIG, leading to a persistent contribution of *C-enriched atmospheric and
bedrock carbon to the dissolved load of the karst aquifers. The short-term anti-correlation is more difficult
to address. One likely candidate is that it is related to short-term increases in the proportion of waters
originating from the karst system. Indeed, increased precipitation in the mountains ('*O-depleted) could
trigger periods of karst system overflow, with injections of waters loaded with enriched §'°C that
originated from intermittently active sectors of the recharge system, which supply older water having

longer interactions with the bedrock.

4.5 Elemental and mineralogical composition of the sediment

4.5.1 XRF

The depth and temporal series of the analyzed elements (Ti, Rb, Zr, Al, Si, Ca, Sr,) are shown in Fig. 2
and 6, respectively. Correlation coefficients are reported in Table 2 while scatterplots are reported in
supplementary Fig. S1.

Ti, Rb, Zr, Al and Si variations are commonly linked to siliciclastic/detrital input to the lake and are

associated also with grain-size variations (Koinig et al. 2003; Kylander et al., 2011; Vogel et al., 2010).
13
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They are usually considered as proxies for the intensity of wind (Zr) and/or of erosion in the lake
catchment (Ti, Rb, Al, Si), increases of which are usually related to a reduction in vegetation cover, an
increase in soil erosion, and/or increased wind intensity (e.g. Vogel et al., 2010; Kylander et al., 2011).
Increases in all of these elements can also result from a closer proximity of the shoreline to the coring
site, i.e., a lower lake level, which also indicates drier climatic conditions. However, an increase in these
elements could be also related to increased runoff under wetter conditions (e.g. Francke et al. 2016).

At Sulmona, the lake catchment is mostly composed of carbonate rocks containing only a limited amount
of siliciclastic components, which are enriched in elements such as Ti, Rb, Zr, Al and Si. Thus, the most
likely source of these elements is volcanoclastic deposits, which are abundant in the whole basin (e.g.
Giaccio et al., 2009, 2012, 2013a), as well as small outcrops of Miocene-lower Pleistocene siliciclastic
flysch in the NW sector of the basin (Cavinato and Miccadei, 2000), and/or exotic aeolian dust. Si can
also be influenced by the presence of biogenic silica (bSi), which is the main component of diatom
frustules, and ranges from 13% wt to 2% wt in the studied interval (Section 4.6). Ca occurs mostly as
authigenic calcite, as revealed by XRD and FESEM analyses (Fig. 2 and Section 4.2.1). Thus, Ca content
can be seen as an indirect proxy for lake primary productivity. Sr can be either transported along with
the detrital fraction, as it is abundant in volcanoclastic deposits, or may substitute Ca in carbonates. The
low negative correlation of Sr with Ti, Zr, Rb and Si (Table 2, r values ranging from -0.25 to -0.35) and
the weak positive correlation between Sr and Ca (r=0.17) indicate that the Sr content is at least partly
related to either detrital input or co-precipitated as a divalent ion replacement for Ca in authigenic and
biogenic calcite.

Ti, Rb, Si, and Zr all show strong positive correlations (r values ranging from 0.86 and 0.97, Table 2)
and a similar trend of increasing values throughout the record (Fig. 6). However, the agreement between
these elements must be evaluated by considering the dilution effect related to the decreasing trend of
CaCOs, which ranges from 85% to 40% from the base to the top of the sequence. Variations in Ca content,
which is mostly related to calcite precipitation, can affect the relative concentrations measured for other
elements and, as a matter of fact, Ca is strongly negatively correlated with all the above mentioned
elements (r values ranging from -0.67 and -0.85, Table 2). However, it is important to note that these
negative correlations are not an analytical artifact: they are consistent with climate-driven processes.
Colder and drier conditions trigger an increase in detrital input due to enhancement of soil erosion
promoted by reduced vegetation cover, leading to dilution of the CaCO3 content. In addition, the
precipitation of authigenic carbonates, which is at least partly controlled by water temperature and

primary productivity, is reduced under conditions of climate deterioration. For example, cooler lake
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waters hold more CO2 and dissolved CaCOs3 in solution than warmer lake waters, and generally have a
lower ionic strength due to decreased dissolution rates in the catchment. This culminates in lower levels
of carbonate ion activity and supersaturation during cold stages, leading to lower rates of calcite
precipitation. Conversely, wetter and warmer periods promote denser vegetation cover and enhanced soil
development, reducing detrital flux from the catchment, and also increased lake primary productivity,
and increased rates of CO: degassing, all of which promote higher rates of authigenic calcite
precipitation.

An approach which is traditionally used to overcome the dilution effect is the normalization of element
concentrations by a conservative, lithogenic element (e.g. Kylander et al., 2011; 2013 Lowemark et al.,
2011; Vogel et al., 2010). In many cases, normalization allows one to identify misleading trends in
element concentrations. The element to be used for normalization should not itself be a proxy nor be
affected by biological or redox processes (Lowermark et al., 2011). Ti is widely used for normalization
as it is a common accessory component in various mineral phases and is conservative in terms of its
reactivity. However, Ti is enriched in heavy minerals and in aeolian dust, and in particular settings it can
therefore be used as a proxy for high-current regimes (Schnetger et al., 2000) or enhanced wind activity
(Wehausen and Brumsack, 1999; Yancheva et al., 2007). Another element suitable for normalization is
Al (Lowemark et al., 2011), which is a major component of siliciclastic mineral phases and, similar to
Ti, is not significantly affected by redox and biologically mediated reactions (Brumsack, 2006). Once
this approach is applied to our XRF series, the correlation coefficients between Zr/Al, Ti/Al and Rb/Al,
which are exclusively of detrital origin, remain high (Table 2, Fig. S2), and the increasing long-term
trend in element ratios compares well with element concentrations from ca. 129 ka to 92 ka (Fig. 6).
Thus, normalization using Al confirms the exclusively detrital origin for Zr, Ti and Rb, and that the
observed long-term trends are not an artifact caused by CaCOs3 dilution. Specifically, all three ratios show
a twofold structure, with an older (up to ca. 115 ka) part displaying a lower clastic input and a younger
part (90 — 115 ka) with a higher sediment delivery. They also show clear positive peaks at ca. 111 ka and
103 ka, corresponding to periods of higher §'0 values , that we interpret as the results of drier conditions.
On the other hand, normalization of Si vs. Al causes correlation coefficients amongst clastic elements to
decrease, and highlights a decreasing Si/Al trend throughout the observed period. Because normalization
vs. a lithogenic element may remove the influence of mineral input to the lake (Kylander et al., 2013),
variations in Si/Al can be seen as reflecting the contribution of the deposition of biogenic silica. It is also
worth noting that correlations between St/Al and Si/Al and between Str/Al and Ca/Al increase (to 0.61

and 0.95 respectively, Table 2), and that St/Al also shows a decreasing trend that mimics that of Ca and
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Si, supporting the notion that part of the Sr is related to co-precipitation of Sr within the authigenic calcite
as SrCOs.

Now that normalization of clastic-elements vs. Al confirms the observed trends and correlations noted
above, and considering the abovementioned potential causal negative relationship between calcite
deposition and detrital clastic input, we can now discuss the original elemental time series in terms of
paleoenvironmental changes. As a further step, in order to identify only significant and potentially
climate-driven changes and to avoid overestimating variations in individual elemental concentrations
using a merely visual approach, we can statistically combine Ti, Zr and Rb to produce a “clastic index”
(CI hereafter) that can be compared with the stable isotope profile, assuming that all these elements
respond in the same way to environmental/climatic forcings (i.e. increasing or decreasing catchment
erosion). To do this, the time series of Ti, Zr and Rb were normalized to produce individual time series
of'anomalies (i.e., deviations from a zero mean expressed in standard deviation units, or standard scores).
The standard scores of the three series were averaged to produce a CI time series where low average
standard scores correspond to intervals with lower clastic input to the lake, and vice versa. The
comparison of the CI with the §'%0 time series reveals a high degree of consistency (Fig. 7), for both the
general patterns and short term events. Periods of reduced precipitation inferred from higher §'*0 values
are in fact marked by increases in the CI, indicating increased catchment erosion. In particular, the drier
events that are correlated with C23 and C24 North Atlantic cold events appear prominent in the CI series,
whilst the events at 127.3 ka and 116.0 ka are expressed by a concomitant rise in the detrital clastic input
(Fig. 7). Conversely, lower §'*0 values indicating wetter conditions correspond to reductions in the CI
due to increase in soil-vegetation cover, and reduced flux of detrital clastics to the lake. It is worth
recalling that both arid and wetter conditions may increase sediment delivery, and that temperature may
have a role in vegetation development and soil erodibility. However, the good correlation between
periods with higher 8'%0 and elevated CI values supports the proposed link between drier periods and

enhanced catchment erosion.

4.5.2 XRD

Due to the highly monotonous mineralogical composition of the sediments (see Section 4.2), a simple
semi-quantitative approach can be applied to XRD data to test if mineralogical variations are also
indicative of the same environmental changes revealed by others proxies. As previously discussed, most
of the calcite is authigenic, while quartz is related to detrital input to the lake. As silicate rocks are present

only marginally in the lake catchment, quartz could also have an eolian origin, as suggested for quartz-
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rich loess deposits along the Apennine (Giraudi et al., 2013) and from lakes in volcanic settings from
central Italy (Vico and Lagaccione Lakes; Narcisi, 2000). Plotting the ratio between peak areas of quartz
and calcite (Qz/Ct) against both the CI and §'30 time series (Fig. 7) the general features of the CI appear
well replicated in the Qz/Ct curve, with an increasing trend throughout the interglacial and major peaks
corresponding to C24 and C23 events. This similarity seems to confirm the interpretation of the XRF
data, showing phases of high/low primary productivity (high/low calcite content) related to
reduction/increase in the clastic input to the lake, which also supports a link between sediment
mineralogy and climatic conditions. The good correspondence moreover indicates that this simple ratio
can be used as a good proxy for the detrital clastic input, with the advantage to be not influenced by

potential dilution effects.

4.6 Biogenic silica

Due to its resistance against post burial degradation/dissolution, bulk biogenic silica (bSi) is commonly
used as a proxy to reconstruct past changes in aquatic/algal productivity (Francke et al., 2016;
Prokopenko et al., 2006; Vogel et al., 2010) or changes in the delivery of dissolved silica to the lake due
to variations in the rate of chemical weathering in the drainage basin (Johnson et al., 2011). In the studied
interval, bSi ranges from 2.5 Wt% to 18.2 Wt% (mean 8.94, SD 3.29), (Fig. 2 and 7). It is worth noting
that the two most extreme values occur in closer proximity to tephra POP2a and POP2b (Fig. 2). Tephra
influx increases the silica content in the water (Barker et al. 2000) and it has been noted that such fluxes
could alter lake water chemistry and benthic habitat. It could cause a shift in diatom assemblages and
populations (e.g. Cvetkoska et al., 2015), and/or an increase in diatom productivity (D’Addabbo et al.,
2015), and/or an increase in individual diatom frustule size (Jovanovska et al., 2016). Volcanic material
is likely the primary source for Si in Sulmona. Thus, tephra deposition or mobilization from the
catchment can be an important trigger for diatom blooms and increases in frustule size, largely
independent of climate. With this in mind, the two samples with exceptionally high bSi concentrations
centered at 102.8 ka and 102.9 ka — close to tephra deposits — can be excluded from the following
discussion of climate and environmental change (Fig. 7).

Although the low resolution of the bSi curve (one sample every ~1 kyr) prevents a close comparison with
the 3'%0 time series, it is interesting to note that there is a decrease in bSi values corresponding to higher
isotope values during the cold/dry event C24. Moreover, bSi decreases during the Early Last Glacial
from ca. 102 ka onwards, thus mimicking the 8'%0 trend toward higher values. The pattern during the

Eemian instead is not very clear, and there is a lack of a well-expressed peak in productivity related to
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full interglacial conditions. A potential explanation is related to dilution of bSi by increased calcite
deposition during the LIG. This seems supported by the Si/Al curve (Fig. 6). Because normalization
removes the influence of clastic Si, the highest Si/Al ratio observed during the first part of the LIG, which
has no counterpart in the other clastic detrital elements (Ti, Rb, Zr), can be attributed to a higher
contribution of bSi to the total Si budget related to a peak in primary productivity under full interglacial

conditions.. However, higher resolution bSi analyses would be needed to test this hypothesis.

4.7 Significance of the POP record in the framework of Mediterranean climate variability during the
LIG

In order to better frame the POP record in the context of regional climate variability, we can now compare
it with existing regional paleoclimate archives, in an attempt to draw a coherent picture of observed
variability and to unravel the potential mechanisms driving hydrological and environmental changes, for
both long-term trends and short-term events.

Of particular interest is the comparison of the Sulmona §'0 profile with speleothem records from
Corchia Cave and Tana che Urla Cave (Fig. 8, Drysdale et al., 2007, 2009; Regattieri et al., 2012, 2014a,
2016a). These two records are both located in the western Apennines, ~400 km north of Sulmona (Fig.
1). All three oxygen isotope records show a highly coherent pattern of §'0 variations with respect to
timing and amplitude of the observed changes during the investigated period (Fig. 8). The fact that the
precipitation signal is replicated in the three records allows us to discuss changes in §'%0 in terms of
regional expression of the variations of the precipitation amount over the central Mediterranean area.
Moreover, the comparison supports the chronology proposed for the POP record, despite the relatively
high uncertainty for the lower part of the interval. By considering this good chronological and
paleohydrological consistency, the onset of lake conditions in the Sulmona Basin at ca. 129 ka could be
conceivably seen as the environmental response to the increase in precipitation which cause the abrupt
decreasing of central Italy speleothem §'%0 at the Eemian onset (129.0 = 1 ka, Drysdale et al., 2005 and
129.6 + 1 ka, Regattieri et al. 2016a). Conversely, the peat layer at bottom of the POP lacustrine
succession may be likely related to the initial stages of lake formation during the deglaciation that
preceded the Eemian which follows the marked dry event centered at ca 130.5-129.5 ka documented in
Tana che Urla Cave (Regattieri et al., 2014a) and recently reinterpreted as hydrological expression of the
North Atlantic Heinrich event 11 (Regattieri et al. 2016a).

In all the three records, the initial part of the LIG (from ca. 129 to ca. 127 ka on the POP chronology)

shows a short interval of minimum §'30 values (Fig. 8). This interval suggests high precipitation and/or
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enhanced seasonality, as discussed above. For the early part of the LIG, an enhanced Mediterranean
character of the precipitation (i.e., summer drought and precipitation concentrated in autumn and winter)
has been highlighted by several paleoclimate records (e.g. Tzedakis et al., 2003; Brauer et al., 2007,
Toucanne et al., 2015; Milner et al., 2012) and has been related to the northward migration of the
Intertropical Convergence Zone (ITCZ) during precession minima at the time of Sapropel S5 deposition
in the eastern Mediterranean (Milner et al., 2012; Toucanne et al., 2015). Notably, the pollen records
from Tenaghi Philippon (Greece, Milner et al., 2012, 2013, Fig. 8) show that the early part of the Eemian
corresponds to the highest percentage of Mediterranean taxa. The same applies for the pollen record from
the Iberian margin marine core MD95-2042 (Sanchez-Goni et al., 1999, 2007). It should be noted that
others pollen records from the same period, like that from Monticchio and from Ohrid lakes (Brauer et
al., 2007; Sadori et al., 2016), do not clearly show the same increase in Mediterranean vegetation during
the early Eemian. However, in both of these sites the percentage of Mediterranean essence is always low
(i.e. below 15%) and shows only minor variations between glacial/interglacial periods; it is thus likely
for these sites that variations in Mediterranean vegetation percentage are not fully representative of local
plant composition. The link between minimum §'%0 values and higher seasonality is also supported by
the fact that in the POP record neither the CI nor the Qz/Ct ratio show a steep increase at 127.3 ka. It
suggests that no abrupt and major changes in catchment erosion, related to major changes in precipitation
amount, happened at that time. Rather, an increase in the contribution of isotopically light winter
precipitation and/or a substantial reduction in isotopically enriched summer rains would have been able
to cause the shift of the annual weighted mean isotopic values of precipitation towards more negative
values (Longinelli et al., 2006), affecting 3'30 calcite values. This seems to be supported also by the fact
that the peak corresponding to G124 in the CI series, although being well expressed, is no more prominent
than the previous interstadial (GI25) (Fig. 7). Conversely, in the §'30 series GI24 is very pronounced, as
almost as the first part of the LIG (Fig. 7), and its prominence was suggested to be due to higher
seasonality (Regattieri et al., 2015).

After this short-term optimum, all three §'®0 records show an abrupt event of reduced precipitation
lasting ~1 kyr (Fig. 8), which is accompanied in the POP record by a concomitant increase in the CI (Fig.
7), suggesting reduction in vegetation cover and increased catchment erosion. It is interesting to note that
also pollen records from southern Italy (Monticchio Lake, Brauer et al., 2007), from Greece (Ioannina,
Tzedakis et al., 2003 and Tenaghi Philippon, Milner et al., 2013, 2016) and from the Iberian margin (core
MD95-2042, Sanchez Goni et al., 1999, 2005) report a nearly coincident event of reduced arboreal pollen

around ca.127 ka. Thus, together these records seem to support the notion of temporarily regional climate
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deterioration straight after the beginning of the LIG, although uncertainties related to each age models
prevent a secure correlation.

After ca. 126 ka, the POP record shows a trend toward drier conditions and enhanced centennial-scale
environmental instability until ca. 125 ka, which is well replicated in regional speleothem and pollen
records (Fig. 8). Additional minor centennial-scale dry events in the POP record are centered at ca. 112.7
ka, ca. 116.0 ka and ca. 119.1 ka (Fig. 8). These events are, within chronological uncertainties, also

recorded in the Corchia and Tana che Urla speleothems.

Moving to the marine realm, a high-resolution study of faunal and geochemical proxies from the western
Mediterranean site ODP-975 recognized several short-term climatic events within MIS5e, which have
been assigned to disruptions of the AMOC and associated changes in atmospheric circulation (Kandiano
et al., 2014). Particularly, SST reconstructions from foraminifera (developed by Modern Analogue and
Transfer Function techniques) show three notable cooling events centered around 122.3 ka, 119.0 ka and
114.2 ka. (Fig. 8). These events are consistent with intra-interglacial variability recognized in the western
Mediterranean basin (Sprovieri et al., 2006) and mimic intra-interglacial instability emerging from North
Atlantic records (McManus et al., 1994; Oppo et al., 2001, 2006; Bauch et al., 2011; Irvali et al., 2012).
These decreases in SST have recently been proposed to be related to episodic cold water-mass expansions
in the North Atlantic and associated southward migration of the Arctic Front (Mokeddem et al., 2014)
and/or to changes in North Atlantic Deep Water (NADW) formation due to buoyance changes related to
melting of persisting ice sheets (Galaasen et al., 2014). It has to be noted that the western Mediterranean
faunal SST record is lacking clear evidence for the event at ca. 127 ka (Kandiano et al., 2014). However,
this event falls within the deposition of an Organic Rich Layer (ORL) and corresponds to peak
abundances of the cold dwelling foraminifera Globigerinoides ruber related to incursions of colder North
Atlantic water into the Mediterranean Sea (Kandiano et al., 2014).

The influence of North Atlantic cold events on Mediterranean hydrology during the Early Last Glacial
has been previously recognized in both the Sulmona and in the Corchia records (Regattieri et al., 2015;
Drysdale et al., 2007). The occurrence of these events also in the POP record for the LIG thus confirms
the linkage between high-latitude climate and Mediterranean hydrology under different climate boundary
conditions (i.e.; glacials and interglacials), with cold/AMOC slowdown events in the North Atlantic
triggering reduced precipitation in the Mediterranean. These findings also add to a growing number of
paleoclimate records suggesting that large Northern Hemisphere ice sheets are not a fundamental

prerequisite for triggering widespread millennial scale climate change. Instead, disruptions of the AMOC
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that are severe enough to cause drops in SST’s and associated water vapor advection and shifts in
atmospheric circulation patterns in the North Atlantic, during full interglacial conditions, are seemingly
capable of affecting the hydrology and environment of regions further downstream, such as the

Mediterranean.

5. Conclusions

In this work we have presented a multiproxy record (8'°C, §'%0, elemental composition, and low-
resolution biogenic silica and mineralogy) obtained from lacustrine sediments of the Sulmona Basin
(central Italy). It is anchored to an independent time-scale based on tephrochronology, here improved by
a new direct “Ar/*Ar age (109.5 £ 0.9 ka, 20 analytical uncertainty) for the widespread X-6
Mediterranean marker. Specifically, six tephra layers account for a relatively constant history of the
sediment accumulation from ca.129 ka to 92 ka, though chronological uncertainty is relatively high for
the older interval investigated.

The resulting temporal series show prominent climatic and environmental changes on both long-term
and millennial time-scale. . Element concentrations and sediment mineralogy (quartz / calcite ratio from
XRD analyses) show consistent patterns, with variations attributed to changes in the detrital clastic input
to the lake. Lower detrital flux indicates reduced catchment erosion due to a denser vegetation cover and
enhanced soil development under favorable climatic conditions, whereas enhanced mineral flux to the
lake is related to events of climatic/environmental deterioration. 'O values are interpreted to reflect
rainfall amount in the high altitude catchment of the paleo-lake, with lower values indicating enhanced
precipitation and possibly higher seasonality of the climate. Timing, amplitude, and general trends of the
observed features are in agreement between the proxies indicating stronger catchment erosion (high
detrital flux) during phases of lower precipitation (high §'%0). Our combined approach defines a clearer
picture of environmental evolution during the observed period and confirms the hydrological significance
of the 8'%0 record from the Sulmona Basin, and more generally from the central Mediterranean
continental carbonates.

Comparison between the Sulmona §'30 record and speleothem §'%0 records located ~400 km to the north
(Corchia and Tana che Urla Caves) shows consistent patterns down to the centennial time scale, and
highlights several intra-interglacial events of reduced precipitation, which can be correlated among the
three records within the associated uncertainty of each chronology. The most prominent is placed

between 127.3 ka and 126.3 ka. Minor events of climate deterioration (lasting ~0.5 kyr) are apparent in
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all the continental §'®0 records at ca.123 ka, ca. 119 ka and ca. 116 ka, seem to have counterparts in a
western Mediterranean faunal SST record, and possibly correspond to episodic phases of AMOC
slowdown with episodic cold water-mass expansions and/or changes in the seasonal ice-sea cover in the
North Atlantic. Overall, the new Sulmona record shows prominent intra-interglacial variability and
suggests that North Atlantic SST variability during periods of low ice volume is capable of disrupting

water vapor advection and atmospheric circulation patterns that feed Mediterranean hydrology.
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1070  Figure 1- Reference maps of the investigated sedimentary succession. (a) Location of the Sulmona Basin
1071  and other sites mentioned in the text; (b) Simplified geological map of Sulmona Basin with the location
1072 of'the POP section investigated here (from Galli et al., 2015). (c) Lithostratigraphy and tephrochronology
1073  of the POP section and of the whole composite section of SUL4-3 unit; NYT: Neapolitan Yellow Tuff.
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Figure 2- Left panel: POP stable isotope, trace element, mineralogical and organic carbon results plotted
vs. depth. From bottom: §'%0 and §'*C (within yellow box stable isotope data already published by
Regattieri et al., 2015); Ca and Total Inorganic Carbon (TIC), Ti, Zr, Rb, Al, Si, Sr (XRF data converted
to ppm), biogenic silica (% total weight). Purple lines represent tephra layers. The position of XRD
analyses (green dots on top) and of Field Emission Scanning Electron Microscopy FESEM pictures

(letters) is also shown. Right panel: FESEM images of selected samples.
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Figure 3- A) Age probability density spectra for the POP4 tephra. Blue and red bars are the individual
ages (1o error) included and not included in the weighted mean age calculation, respectively; B) Age-
depth model and tephra control points for the POP succession. Blue line indicates the modelled median

age and light-blue lines indicate 95% confidence limits. All tephra ages are modelled ages (see Table 1).
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1112 Figure 6- Left panel: XRF results plotted vs. age (from bottom: Ti, Zr, Rb, Al, Si, Sr, Ca); right panel:
1113 Five-point smoothed time series of normalized XRF data (from bottom: Ti/Al, Zr/Al, Rb/Al, Si,/Al,
1114  Sr/Al).
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Figure 7 —Comparison of §'%0 (A); Clastic index (CI, see text for explanation; B); quartz/ calcite ratio

(Qz/Ct, C) and biogenic silica (bSi, D) time series. Yellow bars indicate dry events discussed in the text,

GS are Greenland interstadial, as defined in the POP section by Regattieri et al. (2015)
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Figure 8- Comparison of POP and regional palacoclimate records. a) Tenaghi Philippon pollen record
(Milner et al., 2013); b)POP §'30 record; ¢) Corchia Cave §'30 record (stalagmite CC28, Drysdale et al.,
2007, stalagmite CC5, Drysdale et al., 2009); d) §'30 record from Tana che Urla Cave (Regattieri et al.,
2014a); e) faunal SST record from core ODP-975 (orange, summer temperature; blue winter temperature,

lighter lines are from Modern Analogue technique and darker from Transfer Function technique,
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1131 Kandiano et al., 2014). Yellow shadings indicate events of reduced precipitation and environmental

1132 deterioration. All the compared records are plotted on their published age model.

1133
5 a POP secti A = 0P age lel (ka) £ 20
liimonz:ROF:section Monticchio record Marine record FoPagemadel (ka .
Tephra Depth (m) Ar/39Ar age (ka) + 20 uncertainty Tephra Tephra Initial age Modelled age
POP1 0.935 924 4 46" ™-23-11 C-22 924 4 46° 9344+ 45
POP2 9.690 T™-24-a 101.8 + 5.0° 10184+ 1.8
POP2a 10,935 T™-24-b 102.8 + 5.1° 10144+ 1.5
POP2b 11.335 T™-24-3b C-26 104.0 + 1.0° 10334+ 14
POP3 14,935 1062 + 1.3° T™-25 C-27/X-5 106.2 £ 1.3° 10G6.6 + 0.9
POP4 18.260 109.5 + 0.9° T™-27 C-31/%-6 109.5 + 0.9° 1096 + 1.4
Reported in bold the new *®Ar/*Ar for X6 layer
Tephra ages from:
A Giaccio et al. (2012).
B wWulf etal. (2012).
© The present study.
1134

1135  Table 1- Tephra ages and correlations between POP, Monticchio (Brauer et al., 2007; Wulf et al., 2012)
1136  and Mediterranean marine (Keller et al., 1978; Paterne et al., 2008) tephra as proposed by Giaccio et al.
1137  (2012) and Regattieri et al. (2015). The resulting modelled tephra ages obtained by the Clam algorithm
1138  (Blaauw, 2010) are also shown.

1139
Ca

Sr +0.17 Sr

Ti —0.85 —-0.29 Ti

Zr —0.85 —0.25 +0.98 Zr

Rb —-0.79 —-0.27 +0.96 +0.97 Rb

Si —0.67 —0.35 +0.86 +0.86 +0.90 Si

Al —0.65 —-0.29 +0.91 +0.89 +0.93 +0.92
1140

1141  Table 2- Pearson correlation coefficients (r) between elements concentration (XRF data, n=141).

1142
Zr/Al

Rb/Al +0.84 Rb/Al

Ti/Al +0.77 0.66 Ti/Al

K/Al +0.58 0.67 +0.17 K/Al

Si/Al —0.02 0.04 +0.36 +0.49 Si/Al

Sr/Al —0.03 0.06 +0.51 +0.48 +0.61 Sr/Al
1143 Ca/Al +0.19 - 052 +0.66 —047 +0.65 +0.95

1144  Table 3-Pearson correlation coefficients (r) between elements/Al ratios (n=141).

1145

1146  Supplementay figures:
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1148  Figure S1- Correlation plots between elements concentrations (XRF data converted to ppm).
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Figure S2- Correlation plots between selected series of elements/Al ratios.

Table S1-Full analytical details for individual crystals of tephra POP4
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