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Abstract

Glacial-interglacial variations in ice volume and sea level are essential components of the
Plio-Pleistocene global climate evolution. Deciphering the timing of their change with respect
to the insolation forcing is central to understanding the processes controlling glacial
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terminations. Here we use the frequent occurrence of datable tephra layers in the Tiber River
sedimentary system (central Italy) exploiting its sensitivity to sea-level forced changes in the
base level to reconstruct relative sea-level (RSL) variations between 450 and 403 Ka, i.e.,
across the glacial termination (T-V) of Marine Isotope Stage (MIS) 12 and MIS 11. The
analysis hinges on new stratigraphical data, tephra geochemical fingerprinting, and “°Ar/**Ar
dating from a fluvial section in the Tiber River hydrographic network which represents the
inland counterpart of the near mouth, coastal aggradational successions of the San Paolo
Formation (SPF). Tephra correlation indicates that the morpho-stratigraphic record of the
inland section is also highly sensitive to the sea-level change as its coastal counterparts, which
makes it ideal to complement previous RSL reconstruction from the Tiber River catchment
basin, providing a more detailed picture of the sea-level history across T-V. Combined
sedimentological and morphological proxies of the composed inland-coastal SPF record
document the occurrence of two phases of relatively rapid sea level rise, here interpreted as
meltwater pulse (MWP) events. The earlier MWP occurred between ~450 and ~445 ka and
matches a relatively minor episode of the sea-level rise documented in an existing RSL
record, while the younger one at ~430 ka corresponds to the sea-level rise that marks T-V. We
find that both MWPs correlate with episodes of ice-rafted debris deposition in the North
Atlantic (Heinrich-like events) and with attendant Southern Hemisphere warming (bipolar
seesaw).

1. Introduction

Glacial Marine Isotope Stage 12 (MIS 12) and the ensuing glacial termination (Termination
V, T-V) that marks the transition into the long-lasting interglacial climate conditions of MIS
11 represent a fundamental step in the evolution of the Pleistocene glacial-interglacial cycles
(e.g., Droxler et al., 2003). The glacial maximum of MIS 12 constitutes the culmination of the
stepwise intensification of glacial conditions (greater ice volume, lower atmospheric CO,
concentrations) that accompanied the Middle Pleistocene Transition and the attendant
emergence of the long, high-amplitude, and saw-tooth structured glacial-interglacial cycles
(Elderfield et al., 2012; McClymont et al., 2013; Rohling et al., 2014; Chalk et al., 2017). The
onset of MIS 11 coincided with the so-called “Mid-Brunhes Event”, during which glacial-
interglacial cycles underwent a further increase in amplitude due to the development of more
prominent interglacial conditions than in the lukewarm interglacial periods that occurred
earlier (Jouzel et al., 2007; Lathi et al., 2008; Barth et al., 2018; Ao et al., 2020). T-V featured

the largest amplitude changes in ice volume (sea level) of the past millions of years (e.g.,
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Droxler et al., 2003). The volume of the continental ice sheets during MIS 12 plausibly
exceeded that of the last glacial maximum (Rohling et al., 1988), while extensive polar ice
melting during MIS 11 (Blackburn et al., 2020) caused sea level to rise up to several meters
above present levels (Raymo and Mitrovica, 2012; Dutton et al., 2015). This poses a serious
challenge to the theory that ascribes Quaternary glaciations to orbital forcing (Milankovi¢,
1941) and points to the potentially important role of the climate feedbacks (Berger and Wefer,
2003) to explain the occurrence of the highest amplitude glacial termination at a time of
comparatively small orbital forcing (e.g., Imbrie and Imbrie, 1980; Paillard, 2001). Changes
in atmospheric CO, concentrations and continental ice volume have been proposed as
important climate feedbacks to explain the climate changes associated with the Middle to Late
Pleistocene glacial-interglacial cycles (Chalk et al., 2017), given their impact on the radiative
forcing of climate on 10%-10%-year timescales (Hansen et al., 2007, 2013; Rohling et al.,
2018). Recent studies have provided detailed documentation of the atmospheric CO, changes
around T-V (Nehrbass-Ahles et al., 2020), while the timing of the variations in global ice
volume (sea level) and their relationships with orbital forcing around this key glacial-
interglacial transition remain less well documented.

Discerning the different role played by orbital forcing and climate feedbacks and solving the
above-mentioned open issues calls for precisely and independently (i.e., radioisotopically)
dated records that can be compared with the insolation time-series that rely on the so-called
“orbital solutions” (Laskar et al., 2004). A reliable chronological framework is available for
the last glacial-interglacial cycle (e.g., Lambeck et al., 2014; Dutton and Lambeck, 2012),
while the chronology of older ice-volume (sea-level) changes is generally based on the
alignments of relative sea level (RSL) records to other well-dated paleoclimate time series
(Rohling et al., 2009; Grant et al., 2014), and thus lack direct age control. This also affects our
ability to decipher the so-called meltwater pulse events, relatively brief periods of rapid sea

level rise (e.g., Fairbanks et al., 1989; Deschamps et al., 2012) and meltwater release to the
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polar oceans that impact ocean circulation and climate on regional to global scales (Denton et

al., 2010; Weber et al., 2014; Marino et al., 2015; Rohling et al., 2019).
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Figure 1. Reference maps of the study area. a) Shaded relief, digital elevation model (DEM)
image of the lower portion of the hydrographic network of the Tiber River, within the domain
of the Latium volcanic districts, showing the locations of the investigated San Paolo
Formation (Sant’ Abbondio) and of the pyroclastic succession (La Rosta sections). The
location of previously investigated San Paolo Formation and pyroclastic sections are also
shown. b) Details of the Ponte Galeria area with the location of the individual sections
belonging to the San Paolo Formation.

141°40"

The so called “aggradational successions” of the Paleo Tiber River, central Italy, represent a
radioisotopically dated (**C and “°Ar/**A) system of morpho-sedimentary units that formed in
response to sea-level rise during the last eight glacial-interglacial transitions (Karner and
Renne, 1998; Karner and Marra, 1998; Florindo et al., 2007; Marra et al., 2008, 2013, 20164,
2016b; Marra and Florindo, 2014; Luberti et al., 2017). This composite record can thus

provide key radioisotopic chronological constraints that generally lack in the Middle
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Pleistocene sea-level records, and that thus can be used to better evaluate the relationship
between insolation changes and sea-level oscillations.

Here we exploit the sedimentological features and geochronological constrains of new
investigated sections of the San Paolo Formation (SPF, Fig. 1), belonging to the system of
aggradational successions of the Paleo Tiber River, to refine the “°Ar/**Ar chronology of the
glacial-interglacial sea-level change between ~450 ka and ~400 ka. Specifically, we integrate
recently reported “°Ar/**Ar age determinations of the late stages of MIS 11c (Pereira et al.,
2020) with new “°Ar/**Ar dating and tephrochronological constraints through the late stages
of the MIS 12. This dataset allows refining in unprecedented detail the timing of rapid (or
even abrupt) ice-sheet melting during late MIS 12 and around T-V, i.e., the glacial-interglacial
transition featuring the highest amplitude of change over the last millions of years (e.g.,

Droxler et al., 2003).

2. Background information and geological setting

2.1. Tectonic and volcanological setting of the Tyrrhenian margin

The Tyrrhenian Sea margin of central Italy, where the Tiber River and its valleys are located,
developed as a back-arc basin since the Miocene (Malinverno and Ryan, 1986; Patacca et al.,
1990), while the Paleo-Tiber delta formed southwest of Rome around 800 ka (Marra and
Florindo, 2014). This region was subsequently affected by intense, explosive volcanic activity
that formed the so-called “Roman Magmatic Region”, which was active during Middle to
Late Pleistocene (Conticelli and Peccerillo, 1992). Two main uplift phases at ~800 ka and
since ~250 ka have led to a progressive seaward migration of the coast (Marra et al., 2019a).
Throughout this period, the sedimentary processes in the coastal and in the inland area were
mainly controlled by the interaction between tectonic vertical movements and glacio-eustatic

fluctuations (Luberti et al., 2017). Based on the comparison between the average uplift rate of
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the last 250 ka (0.24 mm/yr, Marra et al., 2019a) and the sedimentation rate during the
aggradational phases (e.g., 2.3 mm/yr), Marra et al. (2019b) concluded that glacio-eustasy
overrides the tectonic effects, which only impact the accommodation space, and, in turn, the

total thickness (rather than the timing of deposition) of each aggradational succession.

2.2. The aggradational sedimentary successions of the Paleo Tiber River

The hydrographic network of the Paleo Tiber River developed over a broad area that extends
~100 km north and south of the modern delta since the Late Pliocene-Early Pleistocene, in
response to both regional uplift and glacioeustatic oscillations (e.g., Mancini et al., 2007) (Fig.
2). The so-called “aggradational successions” that fill(ed) the valleys of the (Paleo) Tiber
River have thicknesses of up to 70 m (Marra et al., 2008, 2013) and consist each of a basal
unconformity surface upon which a fining-upward sequence of gravel, sand, silt, and clay
deposited (Karner and Marra, 1998). Sedimentological and stratigraphic analyses of these
successions, argon—argon (**Ar/**Ar) and radiocarbon (*C) dating of the interspersed tephra
and peat layers, and complementary paleomagnetic constraints collectively demonstrate the
dominant control of the Pleistocene glacial-interglacial sea-level changes on their deposition
(Karner and Renne, 1998; Karner and Marra, 1998; Florindo et al., 2007; Marra et al., 2008,
2013, 20164, 2016b; Marra and Florindo, 2014; Luberti et al., 2017). Specifically, shoreline
retreat and sea-level lowering during glacial periods lead to the progressive incision of a basal
erosional surface, while the fining-upward successions of clastic sediments that drape over
these surfaces represent the sedimentary response of the Paleo Tiber River to rapid (abrupt)

sea-level rise (meltwater pulses) at glacial terminations (Fig. 2).
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Figure 2. Sketch explaining the mechanisms of formation of the Tiber River valley’s
aggradational succession in response to glacial-interglacial sea-level (continental ice-volume)
change (cf. Karner and Renne, 1998; Karner and Marra, 1998; Florindo et al., 2007; Marra et
al., 2008, 2013, 2016a, 2016b; Marra and Florindo, 2014; Luberti et al., 2017). An
aggradational succession includes different facies, each diagnostic of specific sea-level
conditions, tied to a specific stage of a “sawtooth” glacial-interglacial cycle (drawn on the left
of each panel). The succession begins with the development of a deltaic plain (a) during an
interglacial period, which features sea level standing at or up to a few meters above the
present level for several millennia (highstand). Sea (base) level gradually lowers across the
ensuing glacial period down to a lowstand at the glacial maximum (b), causing coastline
regression, development of a basal erosional surface, valleys to be progressively incised, and
sediments to be “bypassed” to the sea. During this phase, coarse gravel is transported along
the river channel, but it is continuously removed and deposited offshore, in consequence of
the progressive sea-level fall and deepening of the valley incision. The rapid sea-level rise
(meltwater pulse) at the glacial termination (c) promotes rapid (abrupt) filling of the Tiber
River valleys with a fining-upward sequence of clastic sediments that is characterised by a
basal interval of distinct gravel deposition that abruptly switches to clay deposits. Upon return
to interglacial climate conditions (d), the sea-level highstand leads to another deltaic plain
prior to another cycle. These sedimentary facies become exposed by continuous uplift
affecting the Tiber River area that stem from eruptive phases of the regional volcanic districts
(e.g., Karner et al., 2001a; Ferranti et al. 2006; Marra et al., 2016b). Blue arrows indicate
whether sea level is lowering (downward arrow), rising (upward arrow), and standing (up-
down arrow).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

The intense explosive activity of the regional volcanic districts fed by potassium-rich magma
(Conticelli and Peccerillo, 1992) ensures robust chronological constraints through high-
precision “°Ar/**Ar dating of the numerous tephra layers that occur within the sedimentary
successions of the Paleo Tiber River (Alvarez et al., 1995; Karner and Renne, 1998).
Moreover, geochemical fingerprinting of the various eruptive events allows long-distance
correlation among tephra deposits originated from the same eruption (e.g., Giaccio et al.,

2019; Pereira et al., 2020).

2.3. Stratigraphy and chronology of the San Paolo Formation (~450-400 ka)

The San Paolo Formation (SPF, Karner and Renne, 1998; Karner and Marra, 1998, 2003;
Marra et al., 2016) is a sedimentary succession (Fig. 3) of the Roman coastal area that is
studied here to constrain the timing of the relative sea-level (RSL) fluctuations during the
glacial MIS 12, termination V (T-V), and the highstand of the interglacial MIS 11.
Geochemical and “°Ar/**Ar data acquired for the four primary and sub-primary tephra layers
(SPF1 through SPF4) interbedded in the SPF sediments and in the proximal pyroclastic
succession of the Vico Volcano allowed a robust tephrochronological correlation between
SPF and Vico Volcano, resulting in a composite SPF section (Pereira et al. 2020), which
reconciled some previous mis-interpretations (Fig. 3). Specifically, Pereira et al. (2020)
revised the altitude, the age, and the tephrostratigraphic attribution of the tephra layer SPF2
(sample R94-30C) of Malagrotta waste refusal site, which had previously been dated at 423.5
+ 5 ka, (2o uncertainties; Karner and Renne, 1998). Pereira et al. (2020) demonstrated that the
layer SPF2 (R94-30C) was located at higher altitude in the SPF succession and that it
correlates with the first Plinian eruption of Vico Volcano (Vico o, 414.8 £ 2.2 ka, 2c
uncertainties), and that therefore matches SPF3 layer (Fig. 3). As consequence, the layer SPF2

was removed from the sketch of the SPF section that is reported in Figure 3.
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The other three tephra layers recognized in the SPF sections were labeled SPF1, SPF3a, and
SPF4 and were tephrochronologically constrained as summarized in the following (Fig. 3).
The lowermost volcanoclastic layer SPF1 was dated at 436.5 + 6.0 ka (2o uncertainties,
Marra et al., 2016), but remained uncorrelated because of the unavailability of samples and
inaccessibility of the outcrop. The layer SPF3a was instead successfully correlated, by means
of direct “°Ar/**Ar dating (406.5 + 2.5 ka, 2o uncertainties) and geochemical fingerprinting, to
the second Plinian eruptions of Vico volcano (Vico B, 406.5 + 2.4 ka, 2o uncertainties;
Pereira et al. 2020). Finally, the complex SPF4 fallout deposit (403.5 + 4.2 ka, 2c
uncertainties) was interpreted by Pereira et al. (2020) as a result of mixing of two co-eruptive
units (Fig. 3) attributable to: (a) an unknown Vico Volcano eruption postdating Vico 3; and
(b) the activity of the Colli Albani Centogocce (following the Pozzolane Nere caldera-

forming eruption, Marra et al., 2009).

Pantano Malagrotta Composite section SPF tephra and Correlated tephra and
di Grano  waste refusal site Pisana1/2-Santa Cecilia related “Ar/*Ar age related “Ar/”Ar age
Setting led
60—
= SPF4 403.5%4.2 ka® Vico unknown-Centogocce
7 402.7+4.4 ka® 405.34+8 ka-402.2 *+ 5 ka°
50 SPF3a 406.5%2.5 ka® Vico p 406.5%2.4 ka®
] SPF3 414.5%2.8 ka? Vico o 414.8%2.2 ka®
> 454
g .
f_{ 40
3 =
o
» 354
304
] SPF1 436.5#6.0ka”  Unknown
254
204
- Sedimentary units Lithology and geomorphology
15 San Paolo Formation (SPF) Deposit younger than SPF ity
deposits and tephra (SPF#) ' Bonies Silty-clay Terraced surface
s Volcanoclastic layer Deposit older than SPF -1 F Sand —~~" Unconformity surface

as=as Primary fallout & Gravel

Figure 3. Sedimentary, geomorphological, and tephrochronological framework of the
aggradational succession of San Paolo Formation in Roman coastal area of Ponte Galeria that
spans the MIS 12 through MIS 11glacial-interglacial transition (modified from Pereira et al.,
2020). The elevation and the age of what was previously referred as SPF2 layer, dated to
423.5 + 5 ka ( Karner and Renne, 1998, sample R94-30C), have been reappraised by Pereira
et al. (2020), who demonstrated that it actually matches SPF3 layer, correlated to the Vico a
eruption dated by these authors to 414.8 + 2.2 ka. Data source;  Pereira et al. (2020); ® Marra
et al. (2016); ¢ Karner et al., 2001b; Gaeta et al. (2016). All the ages from literature are here



N -

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

27

recalculated according to the same “°Ar/**Ar dating monitor standard for the Alder Creek
sanidine standard ACs-2 at 1.1891 Ma (Niespolo et al., 2017).

3. Material and methods

3.1. The investigated sections

We present new “°Ar/**Ar age of a primary volcanic deposit (SAF0, Table 1) intercalated
within a sedimentary succession cropping out at the Sant’ Abbondio section, located ~35 km
inland from the present-day coast, within a fluvial tributary valley of the Tiber River (Fig. 1),
and of the SPF3/R94-30C layer from the coastal SPF sections of Ponte Galeria (Figs. 1 and
3). Moreover, we present wavelength dispersive spectroscopy (WDS) glass composition of
four volcanic units occurring at Sant'Abbondio and at La Rosta sections (Table 1), providing
two new tephrostratigraphic markers to the SPF aggradational succession. This dataset,
combined with a review of all existing geochronological and geochemical data, allows to
more firmly constrain the timing of the aggradational phases and sea-level change during the
late stage of glacial MIS 12, T-V, and the highstand of interglacial MIS 11. Indeed, in spite of
the inland location of the Sant’ Abbondio section, Marra et al. (2019b) demonstrated that a
large portion of the catchment basin of the paleo-fluvial system of the Tiber River was
sensitive and responded synchronously to the sea-level fluctuations, as shown in the case of
even further inland sections with respect to Sant'Abbondio, located as far as 100 km inland, in
northern Latium.

Stratigraphic logs of the sections investigated in this study are reported in Figure 4, while

Table 1 summarizes the analysis performed in these sections.

Table 1. New and previous “’Ar/**Ar, stratigraphic, and wavelength dispersive spectroscopy (WDS) analyses for

each of the studied sections.

Geological setting Site/Section  Unit (Ar/®Ar  Investigations Latitude and
10
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sample) Stratigraphy OAEAT age WDS glass- longitude
composition
. . Pereira et al. . Pereira et al 41°51'00" N
Deltaic succession SPF3 (R94-30C) (2020) This study (2020) 12° 20' 06" E
Fluvial-pyroclastic , . SAF1 This study - This study 42°12'56.67" N
succession Sant’Abbondio SAFO This study This study This study 12°29'34.61" E
Monti Sabatini LRF2 This study Marraetal. e crudy 42°06' 00.9" N
pyroclastic succession La Rosta (2020) 12°30'23.8"E
LRF1 This study - This study )

3.2. “Ar/*°Ar dating

The “°Ar/*Ar dating of the Sant’ Abbondio Unit Fall 0 (SAF0) and of layer SPF3 (R94-30C)
were both performed at the Laboratoire des Sciences du Climat et de I’Environnement, Gif-
sur-Yvette (France). Sample SAFO was processed using the procedure from Pereira et al.
(2020) and fully described in Nomade et al. (2010).

Sample R94-30C was prepared using the same procedure as in Nomade et al. (2011). Pristine
sanidine crystals ranging in size between 500 um and 300 pum were handpicked under a
binocular microscope. The sample was irradiated for 120 minutes in the Cd-lined, in core
CLICIT facility of the Oregon State University TRIGA reactor (IRR CO007). Interference
corrections were based on the nucleogenic production ratios given in Balbas et al., (2018).
After irradiation, the individual crystals were transferred into a copper 134 pits sample holder
placed in a differential vacuum Teledyne Cetac window connected to the extraction line.
Minerals were fused one by one using a 100Watts Teledyne Cetac CO; laser during 15 s with
a 2.3 W power. Before fusion, each crystal underwent a 10 s sweeping at 0.2 W to remove
unwanted gas trapped superficially. Extracted gases were purified by a SAES GP50 cold
getter for 90s and then for 210 s by two hot SAES GP50 getters. The five Argon isotopes (i.e.,
Oar, Ar, 3Ar, ¥Ar, and *Ar) were simultaneously analyzed using a NGX 600 mass
spectrometer equipped with an array of 9 ATONA Faraday cups and an electron multiplier.
Technical specifications and performances of the NGX 600 ATONA detector array are
presented in Cox et al., (2020). Argon isotopes the following way: in the first run, °Ar, *Ar,

and *Ar were measured simultaneously on 3 ATONA faraday cups, while the **Ar was
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measured using the electron multiplier. In a second time, after peak switching the ¥ Ar was
measured using the electron multiplier .. Each isotope measurement corresponds to 15 cycles
of 20-seconds integration time. Peak intensity data were reduced using ArArCALC V2.4
(Koppers, 2002). Neutron fluence J for each sample was calculated using co-irradiated Alder
Creek sanidine standard ACs-2 at 1.1891 Ma (Niespolo et al., 2017) according to the K total
decay constant of Renne et al., 2011. To determine the neutron flux of IRR CO007 flux
monitors were placed in small pits framing the sample. Two standards from 3 pits around the
unknown were measured to calculate R94-30C J-value (J= 0.0005619 + 0.00000045, 1c).
Mass discrimination was monitored by analysis of 30 air pipettes of various beam sizes to
verify the detectors linearity. These measurements are done automatically overnight before
and after the unknown measurements (see supplementary material data table). Discrimination
is calculated according to the “°Ar/**Ar ratio of 298.56 (Lee et al., 2006). Procedural blank
measurements were achieved after every two or three unknowns depending of the beam sizes
measured previously. For typical 5 min time blank backgrounds are between 1.7 10-*V and
2.0 10-*V for “°Ar and 65 cps for 36 Ar (9.5 10 7V equivalent).

New and previously published ages were calibrated against the K total decay constant of
Renne et al. (2011) and the Alder Creek sanidine (ACs-2) optimization calculated standard
age of 1.1891 Ma (Niespolo et al., 2017) was adopted. We retain the optimization calibration
for the age of ACs-2 standard because it presents accurate and quantifiable uncertainties, and
is independent of any astronomical tuning assumptions. Astronomical tuning has inherent
uncertainties that are related, e.g., to the phase relationship between the proxy data and a
specific “tuning target”, such as the insolation curve or a specific orbital parameter (Laskar et
al., 2004). This makes it difficult to quantify the overall chronological uncertainties associated
with the tuned time series, thereby hindering a quantitative comparison with the chronologies

based on “°Ar/*°Ar dating (Renne et al., 2010). For consistency, all previously published
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OAr/PAr ages are reported with their 2o analytical uncertainties including J and have been

recalculated using the same ACs-2 flux standard age (i.e., 1.1891 Ma).

3.3.Major element analyses

Major and minor element compositions were determined on interstitial glass of pumices or
scoria of the unit Sant’ Abbondio Fall 0 and Fall 1 (SAFO0 and SAF1) and La Rosta Fall 1 and
Fall 2 (LRF1 and LRF2) (Table 1). Pumice and/or glass fragments were mounted on slides in
epoxy resin, polished, and carbon coated. Electron microprobe analyser wavelength dispersive
spectroscopy (EMPA-WDS) analyses were performed at the Istituto di Geologia Ambientale e
Geoingegneria of the Italian National Research Council (IGAG-CNR, Rome). We used a
CAMECA SX-50 EMPA, equipped with a five-wavelength dispersive spectrometer (WDS),
and calibrated and set up with the same operating conditions as described in previous studies
(e.g., Giaccio et al., 2017). Analytical precision was evaluated by analyzing in the same run
one external standard (Rhyolite RLS132 glasses from the United States Geological Survey).
Results are shown in supplementary dataset 2 (SD 2). Geochemical analyses yielding
analytical totals <93 wt% were rejected, whereas all analyses with higher totals were
normalized to 100% on a volatile-free basis, that is, excluding Cl, SO3, and F volatiles. Glass
shards and micro-pumices were classified according to their geochemical composition using

the Total Alkali vs Silica (TAS) classification diagram (Le Maitre 2002).
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Figure 4. Stratigraphic logs of the Sant’ Abbondio and La Rosta Sections, investigated in this
study. The sections are correlated with one another and with the San Paolo Formation (SPF),
which is a composite section proposed by Pereira et al. (2020), located in the Roman (Ponte
Galeria) coastal area (sections’ locations are shown in Figure 1). The stratigraphic positions of
the samples used either for determining the geochemical composition of volcanic glass or
analyzed for “°Ar/**Ar are also shown, while previously published “°Ar/**Ar ages are

indicated as follows: (a) Sottili et al. (2010); (b) Marra et al. (2014); (c) Karner et al. (2001b);
(d) Marra et al. (2020); (e) Pereira et al. (2020); (f) Marra et al. (2016).
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4. Results
4.1 Lithostratigraphy

4.1.2. Sant’Abbondio section - Monti Sabatini Volcanic District

The Sant’ Abbondio section consists of a ~15 m thick sedimentary succession of primary
pyroclastic fall units (n = 10), which are separated by fluvial deposits and/or paleosols that are
tephrochronologically constrained between the Monti Sabatini Tufo Rosso a Scorie Nere
eruption (TRSN, 453.4 + 2.0 ka, recalculated in this study from Karner et al., 2001b) and
Magliano Romano Plinian Fall (313.0£2.0 ka; Sottili et al., 2010; Marra et al., 2014) (Figs. 3
and 4). Here we re-examined in detail the basal part of the Sant’ Abbondio section that
includes the pyroclastic layers SAFO and SAF1 (Fig. 4).

The basal portion of the Sant’ Abbondio section is a fluvial deposit mostly made of
volcaniclastic sediments (FL1 in Figs. 4 and 5a), which overlie a deep paleosol that developed
on the TRSN pyroclastic-flow (Figs. 4 and 5a). A 5 to 10 cm thick, dark grey, ash and lapilli
fallout deposit (SAF0) with a discontinuous ash deposit at the bottom is: (i) intercalated with
the fine-grained, upper part of the volcanoclastic deposit (AM-1a); and (ii) overlain by a ~50
cm thick, massive ash-mud deposit (AM-1b). Above the AM-1Db sits a 20 to 30 cm thick,
white pumice fallout (SAF1), on which deposited another ash-mud layer (AM-1c) that
features incipient pedogenesis in the upper portion. Above AM-1c layer, a ~40 cm thick,
sand-sized, planar bedded volcaniclastic deposit lays (FL-2), followed by a ~1 m thick,
whitish ash-mud deposit (AM-2) capped by a well-developed paleosol (Fig. 5). A
discontinuous pumice fallout layer is embedded at the base of this paleosol, which correlates
with Vico a (Marra et al., 2014) that has an age of 414.8 + 2.2 ka (Pereira et al., 2020). The
interval above Vico o contains a pumice fall deposit, attributed to an unknown eruption of
Sabatini (Civita Castellana 2; Pereira et al., 2020), and the so-called Sant’ Abbondio Ash fall

Succession (SAAS, 390 * 4 ka, Marra et al., 2014) that is capped by the Magliano Plinian
15
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Plinian Fall (Fig. 4). The sedimentary interval comprised between the TRSN and Vico o at
Sant'Abbondio deposited between ~453 ka and ~415 ka and is therefore coeval with the basal
portion of the San Paolo Formation exposed in the Roman coastal area, i.e., the Pantano di

Grano and Malagrotta Sections (Fig. 3).

4.1.3. La Rosta section - Monti Sabatini Volcanic District

The fallout succession exposed in La Rosta has been recently investigated by Marra et al.
(2020). It consists of five pyroclastic units separated by incipient paleosols, overlain by the
Magliano Romano Plinian fall (313.0 + 2.0 ka, Sottili et al., 2010). The pumice fall La Rosta
2 (LRF2 in Fig. 4) was recently “Ar/*Ar dated (439.0 + 1.2 ka, recalculated in this study
from Marra et al., 2020) and was potentially sourced in the central Sabatini VVolcanic District
(Marra et al., 2020).

The lowest unit (LR-1) of the La Rosta fall succession comprises a basal, 3 cm thick, dark
grey ash-surge layer (LRS1), which is followed by a 12 cm thick lapilli fallout (LRF1) and by
a 10 cm thick, ash-lapilli pyroclastic-flow deposit (LRP1) (Figs. 4 and 5b). A 30 cm thick,
inversely graded, up to 3 cm in diameter holocrystalline lithic fallout layer (LRH1) closes the
lower eruptive sequence at the top (Figs. 4 and 5b). Above a 40 cm-depth pedogenized ash
layer, the eruptive unit (LRF2) consists of a ~35 cm-thick Plinian fallout made up of whitish,
well vesicular, subaphyric pumice lapilli and includes a basal ~5 cm thick bed with abundant
lava lithics. The Plinian unit LRF2 is overlain by three minor units composed by decimeter-
thick ash layers and black, leucite-bearing (often analcimized) scoria lapilli fall deposits, rich
in lava lithic inclusions and holocrystalline lithic clasts, the uppermost of which is ~60 cm

thick (LRF3 to LRF5; Figs. 4 and 5b).
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Figure 5. Pictures of the investigated Sant’ Abbondio and La Rosta sections. a) General view
(left picture) and details (right pictures) of the basal interval of the MIS 11 Sant’ Abbondio
section (42° 12'56.67" N, 12° 29' 34.61" E; elevation: 226 m a.s.l.), including the SAFO and
SAF1, lying on the paleosol developed on the Tufo Rosso a Scorie Nere (TRSN). b) General
view of the La Rosta section including the investigated LRF1 and LRF2 units (42°06'00.9"N,
12°3023.8"E; elevation: 202 m a.s.l.).

4.2. “Ar/*°Ar dating

Fifteen crystals of both sanidine and leucite from Sant’ Abbondio Fall 0 (sample SAFO,
Fig. 4, Table 1) were “°Ar/*°Ar dated (supplementary dataset 1, SD 1). The relative
probability diagram of this sample is multimodal (Fig. 6a) and reflects multiple crystal age
populations. The youngest population contains seven crystals, allowing to calculate a
weighted mean age of 444.7 + 3.2 ka, MSWD = 0.3 and P= 0.9. The “°Ar/**Ar initial ratio
given by the inverse isochron is of 299.6 + 3.4, equivalent to the atmospheric one of 298.56
(Lee et al., 2006), confirms the absence of argon excess or of argon fractioning in the sample.
The relative probability diagram of sample R94-30C is multimodal like SAFO, indicating
clearly several populations of contaminating xenocrysts, ranging between 440.7 + 11.4 ka up
to 521.8 = 37.6 ka (Fig. 6a). The youngest population contains eight crystals, allowing to
calculate a valid weighted mean age of 414.6 + 3.1 ka (20, MSWD = 0.06 and P = 1.0; Fig.

6a). The “°Ar/*®Ar initial ratio given by the inverse isochron is 298.7 + 3.0, identical within
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uncertainties with the atmospheric reference of 298.56 (Lee et al., 2006), showing no excess

argon in this population. The new age we present here for the layer SPF3 (R94-30C) at 414.6

+ 3.1 ka is consistent with that of Vico o (414.8 + 2.2 ka; Pereira et al., 2020) and confirms

the previous correlation based on geochemical composition (Pereira et al., 2020).
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Figure 6. Age and geochemistry of the investigated tephra layers. a) Single grain “°Ar/*°Ar
age of SAF0 and SPF3 (R94-30C) on single grain presented as probability diagram; b) total
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alkali versus silica diagram (Le Maitre, 2002) and representative bivariate diagrams for the
tephra from the La Rosta (LRF1 and LRF2) and Sant’ Abbondio (SAF0 and SAF1) sections.
4.3. Geochemical composition of the tephra from Sant’Abbondio and La Rosta sections
Full glass compositions are provided in supplementary dataset 2 (SD 2), while their
classification according to the Total Alkali versus Silica (TAS) is shown in Figure 6b.
Sant’Abbondio Fall 1 and Fall 2 — The composition of the glass from SAFO is highly
scattered, ranging from poorly differentiated tephritic and phono-tephrite terms, with MgO
contents of up to 6 wt% (Fig. 6b) to an evolved trachyte composition with a silica content of
~61-62 wt% and ~13 wt% of alkali sum (Fig. 6b). The glass in SAF1 has instead an almost
homogeneous phonolitic composition with SiO, contents of ~60-61 wt% and alkali sum of
~13.5-14.5 Wt% (Fig. 6b).

La Rosta Fall 1 and 2 — The few analyzable glass shards found in the micolithic-rich juvenile
clasts of LRF1 have a primitive tephrite composition, with a SiO, content of ~44 wt% (Fig.
6b) and a MgO contents as high as 7 wt% (Fig. 6b), similar to the primitive component of
SAF1. The LRF2 pumice fall is instead characterized by a homogeneous phonolitic
composition with SiO, content of ~60-61 wt% and alkali sum of ~13.5-14.5 wt%, similar to

SAF1 (Fig. 6b).

5. Discussion

5.1. Correlation of inland and costal sections of the San Paolo Formation

The two pairs of pyroclastic units of the Sant’ Abbondio and La Rosta sections investigated
here (i.e., SAFO-SAF1 and LRF1-LRF2, Figs. 3 and 4) share similar stratigraphic, textural-
lithological features and geochemical composition. New and/or revised “°Ar/**Ar dating of
these units brackets the interval between 444.7 + 3.2 ka and 439 + 1.2 ka. Specifically, the

tephritic and phono-tephritic components of the heterogeneous SAFO share a high degree of
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similarity with the La Rosta Fall 1 (i.e., LRF1), while the homogenous phonolitic glass
composition of the white pumices from SAF1 precisely matches that of the La Rosta Fall 2
(i.e., LRF2, Fig. 6b-c). Therefore, stratigraphic order, lithology, and geochemical composition
collectively suggest that the units from Sant’ Abbondio and La Rosta sections can be
confidently correlated with one another. This correlation provides a refined and more precise
geochronological constraint also for the deposition of the SPF1 pumice layer of the basal part
of Pantano di Grano section in Ponte Galeria for which the outcrop is no longer accessible but
was previously dated at 436.5 + 6.0 ka (Marra et al., 2016a). The age of the SPF1 collected at
Pantano di Grano is statistically indistinguishable from that of LRF2 439.0 + 1.2 ka. Also in
terms of textural and lithological features, SPF1 is consistent with LRF2, as in the original
field notes collected by one of us (F.M.) it is described as “a cross-bedded volcanic sand,
prevalently made of mm-sized white pumice and loose pyroxene crystals”, similar to LRF2.
Therefore, by transferring the age of 439.0 £+ 1.2 ka from La Rosta Fall 2 to SPF1 (Figs. 4 and
7) we (i) overcome the problems associated with inaccessibility of the outcrop and the
associated lack of samples for “°Ar/**Ar dating and geochemical fingerprinting and (ii)

substantially improve the precision of the dating of this SPF tephra.

5.2. Paleo Tiber River aggradational successions as a proxy for sea-level rise and
significance of the basal coarse-grained sediments

The aggradational successions of the Paleo Tiber River consist each of a fining upward
sequence (gravel, sand, silt, and clay) that deposit upon an unconformity surface (Karner and
Marra, 1998). Following the conceptual model developed by Marra et al. (2008, 2016a), these
successions provide a stratigraphic record (i.e., a full transgression cycle) of past glacial-
interglacial sea-level cycle, while the “switch” from the coarse-grained (gravel) intervals at
the base of these successions to the fine-grained (silt and clay) intervals at the top are

diagnostic of rapid (abrupt) sea-level rise (meltwater pulses) at glacial terminations (Fig. 2).
20
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Several lines of evidence support this interpretative model and, in turn, the reconstructions of
the timing of ice-sheet melting during the late stages of glacial MIS 12 and at T-V based on
the analysis of SPF aggradational successions presented in this study. First, conditions for the
accumulation of the coarse gravel deposit only (co)existed at the onset of glacial terminations
due to the: (i) low sea level at glacial maxima (e.g., Lambeck et al., 2014; Rohling et al.,
2017; Yokoyama et al., 2018), which steepens the gradients and, in turn, enhances the river
competence (Fig. 2b-c); (ii) rapid melting of Apennine glaciers (Giraudi and Frezzotti, 1997)
that releases large amount of clastic material, thereby increasing the sediment supply to the
Tiber drainage basin; and (iii) overall increase in regional precipitation (Wagner et al., 2019).
Second, the abruptness of the “sedimentary switch” that marks the transition from the gravel
bed (up to ~10 m in thickness), through a thin (1-2 m in thickness) sand bed, into the thick
(>30 m in thickness) silt and clay section claims for the sudden establishment of a low
gradient, consistent with fast sea-level rise (meltwater pulse), in line with the observations
across glacial termination | (Marra et al., 2008, 2013, 2016) (Fig. 2d). Third, there is an
excellent agreement between the timing of meltwater pulses inferred from the Paleo Tiber
River aggradational successions (Marra et al., 2008, 2016), the rates of sea-level rise obtained
from continuous, radiometrically constrained sea-level records (Grant et al., 2014), and the
glacial termination ages in deep-ocean benthic foraminiferal 520 (Lisiecki and Raymo,
2005). This temporal consistency is particularly strong and convincing for the most recent
Late Glacial-Holocene transition, which is constrained by “C dating and provides a proof of
concept for the sedimentary model of Marra et al. (2008, 2016a). These studies highlighted
the agreement within uncertainties of the timing of deposition for the basal gravel of the most
recent Tiber delta aggradational succession (between 15.0 £ 0.1 ka and 12.8 £ 0.1 ka) with the
Bglling warming and MWP 1a (Deschamps et al., 2012; Brendryen et al., 2020). Fourth,
Early versus Middle to Late Pleistocene successions exhibit markedly differently thicknesses

of the respective clay sections (Karner et al., 2001a; Marra et al., 2008, 2013, 2016a). The
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increasing thickness of the clay sections through Early-Middle Pleistocene represents the
plausible sedimentary response of the Paleo Tiber River to the higher amplitude, rapid
terminations of the “sawtooth cycles” occurring after the Middle Pleistocene Transition and
the Mid-Brunhes event (Jansen et al., 1986; Clark et al., 2006; Elderfield et al., 2012).
Finally, a tectonic origin (i.e., fault displacement) of these successions could be excluded,
given that the gravel horizons systematically occur at the base of the aggradational sections
and rest above an unconformable surface, which marks the intervening erosional phase during
the sea-level lowstand at glacial maxima. Moreover, in a region as far as 100 km from the
Apennines carbonate mountains, representing the source are for the coarse gravel sediment,
fault displacement would cause an abrupt increase of accommodation space, along with a
sudden drop in river transport capacity. Such elements rather cause the deposition of fine-
grained, clayey deposits, as shown for the case of the Paleo-Tiber graben (Marra and

Florindo, 2014).

5.3. Chronology of rapid ice-sheet melting prior to and during T-V, and relationship with
insolation

In the coastal setting of the Ponte Galeria area, the volcanoclastic SPF1 deposit (equivalent to
LRF2 in La Rosta section, see above) is found in between a fine-grained horizon and an
erosion surface (unconformity) that separates two distinct gravel layers (Gravel 1 [G1] and 2
[G2], Fig. 4), thereby indicating a maximum age of 439.0 + 1.2 ka for the unconformity that
underlies G2 (Fig. 7). Similarly, in the Sant’ Abbondio section the pyroclastic level SAF1,
equivalent to the SPF1, is sandwiched in between two cross-laminated coarse sand beds (FL-1
and FL-2, Figs. 3, 5a and 7) that are separated by a fine-grained level (A-M1 in Figs. 3, 5a
and 7) and an unconformity (Fig. 7). A low-energy sedimentary environment is then re-
established above FL-2 and capped with the Vico o pumice fall, indicating that deposition of

the upper aggradational succession of SPF ended at 414 * 8 ka.
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In summary, based on the similarity between the sequence of depositional and pedogenic-
erosional events, constrained by the La Rosta 2 Fall and Vico o tephra layers, we can
reasonably assume that the alternation of coarse- and fine-grained sediments observed at the
Sant’ Abbondio sections are the inland, fluvial counterpart of the high- and low-energy
lithofacies of the SPF deposits found in the coastal setting of the Ponte Galeria area (Fig. 7).
Specifically, the sand layers FL1 and FL2 at Sant’ Abbondio section testify to sediment
deposition in a high-energy setting and are interpreted here as the inland counterpart of (hence
contemporaneous to) the coastal gravel levels G1 and G2 found in the coastal setting of Ponte
Galeria (Fig. 7). In the following we build on these findings to refine the chronology of the
sea-level change during the last stages of MIS12 and MIS11, using the aggradational
successions of Sant’ Abbondio section.

The occurrence of the Sabatini TRSN eruption products dated at 453.4 + 2.0 ka (recalculated
in this study from Karner and Renne, 1998) at the very bottom of the Sant’ Abbondio section
adds an additional chronological constraint (i.e., a maximum age) to the onset of deposition of
the basal gravel level G1 and its equivalent coarse sand layer FL1 at Sant'Abbondio that is
capped by SAFO0 (444.7 + 3.2 ka). Considering the partial erosion and pedogenesis of the
TRSN, we argue that G1 deposition plausibly occurred between ~450 ka and ~445 ka, which
we take as the timing of a meltwater pulse event (i.e., MWP1, Fig. 8). MWP1 coincides with
the positive rates of sea-level change in the continuous, radiometrically constrained sea-level
record of Grant et al. (2014) that is based on the “Red Sea method”. This corroborates our
finding and further highlights the sensitivity of the Paleo Tiber River aggradational
successions to sea-level rise (Marra et al., 2008, 2016a). In addition, MWP1 occurred under
the deep glacial boundary conditions of MIS 12 and preceded by up to ~23 kyr the onset of T-
V, for which the timing has also been radiometrically constrained using speleothem time

series (Cheng et al., 2016) (Fig. 8).
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Figure 7. Stratigraphic and tephrochronological correlations between the Sant’ Abbondio
section and San Paolo Formation (SPF) composite section in the Roman, Ponte Galeria,
coastal areas. The blue and yellow bands indicated the high-energy and low-energy
lithofacies, respectively. A picture of the basal portion of the SPF, outcropping at Pantano di
Grano, is also shown. Litho-pedo-morphostratigraphic symbols as in Figure 4.

The lower chronological limit of 439.0 + 1.2 ka for the unconformity at the base of the upper
gravel layer (G2) in the Ponte Galeria coastal area (see above) points to a multi-millennial
scale return to more glaciated conditions (lowering sea level) that postponed deposition of

SAF1 (equivalent to LRF2 and SPF1, Figs. 4 and 7) and promoted a drop in base level and

attendant incision of the Paleo Tiber River valleys (Marra et al., 2008, 2016a). This sea-level
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drop marked the descent into the “glacial maximum” of MIS 12 that preceded a second
meltwater pulse event (MWP2) that can be ascribed to T-V (Fig. 8). The La Rosta 2 (439.0 +
1.2 ka) and Vico o (414.5 + 2.8 ka) pumice fall horizons bracket the timing of MWP2 in our
sections (Figs. 7 and 8). The upper and lower chronological limits of MWP2 cannot be further
narrowed in the Paleo Tiber River aggradational successions, because: (a) the previously
reported age constraint for the intermediate SPF2 layer (423.5 £ 5.1 ka, Marra et al., 2016a;
Fig. 3) has been dismissed; and (b) the occurrence of LRF2 below the basal unconformity of
G2 marks the timing of sea-level drop and provides no direct constraint to the timing of the
meltwater pulse. However, we can note that this age window (~439-415 ka) encompasses the
T-V, marked by the maximum rate of sea-level rise reported by Grant et al. (2014) and
centered at ~430 ka (Fig. 8). Therefore, in light of this broad chronological agreement and by
analogy with other well constrained events of gravel deposition (e.g., Marra et al., 2016), it is
reasonable to assume that gravel level G2 deposited during the rapid sea-level rise of the T-V.
Following T-V, continuous sedimentation in the SPF coastal plain sections at Ponte Galeria
alludes to moderate sea-level rise until ~403 ka, when erosion or pedogenesis mark the onset
of the sea level lowering and the beginning of the MIS 11b substage, consistent with the Red
Sea record (Grant et al., 2014).

The sequence of events at the MIS 12 to MIS 11 transition, characterized by two episodes of
rapid ice-sheet melting during late MIS 12 and at T-V, separated by a brief interval of ice-
volume growth, parallels relatively subtle changes (10 W m? to ~30 W m?) in summer
insolation at the critical latitude of 65°N (Laskar et al., 2004; Fig. 8d). Specifically, ice-sheet
melting and growth appear to coincide with positive and negative peaks, respectively, in the
rates of insolation change, with higher rates at MWP2 (i.e., T-V) than at MWP1 (Fig. 8d-e).
This observation agrees with the notion that higher rates of insolation changes may contribute
to force a complete transition from glacial to interglacial climate states (Cheng et al., 2009),

while it also suggests a potential role of negative insolation rates on ice-sheet growth.
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Figure 8. Evidence of insolation, sea-level, and climate changes during the MIS 12 to MIS 11
transition. a) Main litho-pedo-stratigraphic and morphological features with related Relative
Sea Level (RSL) indicators and “°Ar/**Ar geochronology of the San Paolo Formation
aggradational succession. Note that tephra units are reported with their formal eruption
names, regardless the dated sample labels. b) and c) relative seal level (RSL) change and rates
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of RSL change based on the “Red Sea method” (Grant et al., 2014). d) and e) June 21°
insolation and insolation rates at 65°N (Laskar et al., 2004). f) Antarctic atmospheric
temperature EPICA Dome C ice core (Jouzel et al., 2007). g) Iberian Margin Sea surface
temperature (SST) variability at the Iberian Margin core MD03-2699 (Rodrigues et al., 2011).
h) Percetange of tetraunsaturated (Cs7.4) alkenones indicative of cold and potentially fresh
surface waters at the Iberian Margin core MD03-2699 (Rodrigues et al., 2011). i) Ice-rafted
debris (IRD) record from the North Atlantic Ocean Drilling Program (ODP) Site 983 (Barker
etal., 2019). j) Chinese speleothem composite stable oxygen isotope (5'°0) time series. U/Th
dating and associated 2c uncertainties are also shown (Cheng et al., 2016).

5.4. Paleoclimate implications

The coupling of (rates of) insolation changes and ice-volume variations that we report for the
MIS 12 to MIS 11 transition lends supports to the astronomical theory that ascribes the
Northern Hemisphere ice-sheet melting to variations in the orbital parameters that control the
insolation at the top of the atmosphere (Milankovi¢, 1941; Imbrie and Imbrie, 1980; Paillard,
2001). Other studies have related the glacial-interglacial ice-volume (sea-level) changes to
polar climate, and more specifically to changes in Antarctic air temperatures on both glacial-
interglacial and millennial timescales (e.g., Shackleton et al., 2000; Siddall et al., 2003). This
notion has provided the basis to “tune” the continuous sea-level reconstructions obtained from
Red Sea sediment cores to Antarctic temperature records (Rohling et al., 2009). Subsequent
construction of a radioisotopically constrained chronology for the same sea-level record has
provided independent evidence for the close coupling of Antarctic temperatures and sea-level
changes over the last ~500 kyr (Grant et al., 2014). An intermediate complexity model
supported by paleoceanographic data through the last glacial cycle indicates that sea-level rise
may arise from bipolar meltwater releases (Rohling et al., 2004). However, later studies
concluded that insolation-forced Northern Hemisphere ice-sheet melting and Antarctic
temperature rise may be explained by the so-called “bipolar seesaw” (Stocker and Johnsen,
2003), which, in turn, arises from the perturbation of the Atlantic Meridional Overturning
Circulation linked meltwater release into the North Atlantic. This causes asynchronous

temperature and ice-sheet melting across the hemispheres (Cheng et al., 2009; Barke et al.,
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2011; Marino et al., 2015; Rohling et al., 2019). The sequence of ice-volume (sea-level)
changes documented here for the MIS 12 to MIS 11 transition fits in this picture.

Meltwater pulses MWP1 (~450-445 ka) and MWP2 (~430 ka) occurred during periods of
North Atlantic cooling and freshening associated with the deposition of ice-rafted debris
(IRD), equivalent to the so-called Heinrich events (Hemming, 2004), the weakening of the
Asian Monsoon exemplified by positive shifts in the radioisotopically dated isotopic record of
the Chinese speleothems, and the Antarctic warming (Fig. 8). The occurrence of prominent
IRD peaks associated with these meltwater pulses alludes to episodes of extensive iceberg
calving in the North Atlantic, consistent with sustained melting of the circum-North Atlantic
ice sheets (McManus et al., 1999) during both events. The occurrence of two, precisely dated
tephra units bracketing the deposition of gravel level G1 in SPF allow a precise timing of the
here reproted MWP1 (450-445 ka). However, we note that the rates of sea-level rise during
MWP1 are quite modest (~1.6 m/kyr), compared with the maximum value of ~20 m/kyr
observed at ~430 ka during MWP2 (Fig. 8c). The subdued rates of sea-level change in the
record of Grant et al. (2014) during MWP1 may therefore be attributed to the lack of firm age
constrains in this record that cause an apparent “relaxation” of the reconstructed rates of sea-
level change. Note that this is plausible given that the chronology of the sea-level record of
Grant et al. (2014) is better constrained at glacial termination, where their approach (i.e., the
synchronization of dust peaks in their sediment cores to the weak monsoon events of Cheng et
al., 2009) exploits the large amplitude of the signals (higher signal to noise ratios). As for the
deposition of the gravel level G2, although less precisely constrained by the available
OAr/Ar dating of the SPF succession, the coincidence with the high rates of sea-level
change in the record of Grant et al. (2014) and with a distinct bipolar seesaw signature of the
various paleoclimate records (Fig. 8) lends confidence to the interpretation that it reflects the

rapid ice-sheet melting of T-V.
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6. Concluding remarks

We refined the structure timing of the sea-level change at the transition between glacial MIS
12 and interglacial MIS11, by documenting an episode of ice-sheet melting in late MI1S12 that
preceded further continental ice growth prior to the extensive ice-volume decrease of T-V.
Our study builds on new stratigraphic, geochemical, and geochronological analysis of two
sections of the inland-coastal composite record of the San Paolo Formation “aggradational
succession” of the Paleo Tiber River. The occurrence of two coarse-grained deposits at the
base of these “°Ar/**Ar dated aggradational successions points to two distinct episodes of
rapid sea-level rise — so-called meltwater pulses — that occurred at ~450-445 ka (MWP 1) and
~439-415 ka (MWP?2), respectively. Comparison with radioisotopically constrained,
continuous sea-level time series based on the so-called “Red Sea method” corroborates our
findings and helps to further narrow the timing of MWP2 at ~430 ka. MWP2 coincided with
T-V, the largest amplitude glacial termination of the last millions of years. On sub-orbital
timescales, MWP 1 and MWP2 coincided with two bipolar seesaw events, expressed by
Antarctic warming in response to North Atlantic Ocean freshening (due to meltwater release)
and cooling. The timing of sea-level changes at the MIS 12 to MIS 11 transition appears
closely coupled with that of Northern Hemisphere (rates of) summer insolation change, albeit
the amplitude the insolation changes is relatively small (10 W m 2 to ~30 W m?). Feedback
processes and/or high ice-sheet sensitivity to insolation (rates of) changes must be considered

to explain the ice-volume changes at the MIS 12 to MIS 11 transition.
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