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Abstract The purpose of this study was to prove the direct correlation of a successions of gravel-clay beds
recovered in borehole with the melt-water pulses associated with the sea-level oscillations indicated in the 5'%0
record in the time-span preceding the 100-kyr glacial cycles. Aimed at this scope, we provide combined
“0Ar*Ar and paleomagnetic constraints to a set of seven aggradational successions recovered from a 120 m
deep borehole drilled in the buried Paleo-Tiber delta in Rome (central Italy). The geochronologic constraints
enable the correlation of each aggradational succession, characterized by a sudden transition from coarse gravel
at the base to sandy clay sediments, with periods of sea-level rise indicated by the 5'0 curve encompassing MIS
37 through MIS 19, from 1250 to 780 ka. This stratigraphy, provides a unique and unprecedented well-dated
evidence of glacial/deglacial events, matching the global benthic §'30 stack during this time frame.
Furthermore, this study validates the hypothesis that gravel deposition in the catchment basin and the delta of the
main rivers in central Italy is triggered by the melting of glaciers in the Apennines Mountain range. It
demonstrates the significant potential of these deglaciation proxies to be used worldwide to unravel the
chronology of glacio-eustatic events.

Plain Language Summary In this study, we used a combination of dating techniques and
paleomagnetic data to examine a series of sediment layers found in a buried ancient river delta in Rome, Italy.
These sediment layers were collected from a 120 m deep borehole. By analyzing the age of these sediment
layers, we were able to link them to a period in the past when sea level was rising. This sea-level rise occurred
between 1250 and 780 ka, covering a range of time from MIS 37 to MIS 19. These sediment layers show a
distinct change from coarse gravel to sandy clay, which provides valuable information about glacial and
deglacial events. These findings support the idea that the deposition of gravel in river catchment areas and deltas
in central Italy is linked to the melting of glaciers in the Apennines Mountain range. This research not only
validates this hypothesis but also highlights the potential for using similar techniques globally to better
understand the timing of glacio-eustatic events.

1. Introduction

The coarse clastic sediments found at the base of the aggradational successions of the (paleo-) rivers in central
Italy, consisting of gravel with a grain size between >1 and <10 cm, have been identified as evidence of
global deglacial events occurred during the Pleistocene (Giaccio et al., 2021; Marra et al., 2022). According
to the sedimentary model proposed by Marra et al. (2008, 2016), the transportation of coarse gravel from
the Apennine Mountain chain through the (Paleo-) Tiber River channel, and its subsequent accumulation on
the Tyrrhenian Sea coast, is only possible during glacial terminations due to several factors that occur
simultaneously.

1. Rapid melting of Apennine glaciers leading to an increased supply of sediment to the drainage basin;

2. Increased regional rainfall;

3. Lowered sea levels at the onset, causing a steeper gradient and greater river transport capacity;

4. A fast sea level rise, leading to a sudden drop in gradient and transport capacity, and ultimately the accu-
mulation of coarse material within the fluvial channels.

Recent studies have provided evidence that these principles also apply to the upper parts of the Tiber River
catchment basin, extending as far as 100 km inland (Giaccio et al., 2021; Marra, Costantini, et al., 2019). Similar
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Figure 1. Shaded relief map of central Italy displaying the drainage basins of the Tiber and Sacco-Liri-Garigliano Rivers,
along with the location of the PR1 borehole. Areas exhibiting evidence of glacial landforms associated with MIS 14 through
MIS 6 glaciations, as outlined by Giraudi and Giaccio (2017), are highlighted. Glacial landforms related to the Apennine
glaciers have been documented at elevations as low as 1500 m above sea level.

patterns have been observed in other hydrographic basins in central Italy that extend to the Apennine divide,
where glaciers existed during the Pleistocene glacial periods (Giraudi & Giaccio, 2017). For example, the Sacco-
Liri-Garigliano Rivers exhibit a similar sedimentary record (Marra et al., 2022) (Figure 1).

The sedimentary model proposed by Marra et al. (2008, 2016) was developed using *“°Ar/**Ar dating of volcanic
layers embedded within the sedimentary successions, along with conducting a paleomagnetic investigation of the
clay sections. This strategy enabled the depiction of a chronological interconnection with the 6'0 record
(Alvarez et al., 1996; Florindo & Marra, 1995; Karner & Marra, 1998; Karner & Renne, 1998; Marra et al., 1998).
A series of 13 stacked aggradational successions has been developed over the last years. These successions were
created by correlating various aggradational sections cropping out on the Tyrrhenian Sea margin using different
geochronological constraints. More than fifty *?Ar/*°Ar and '*C dates, as shown in Figure 2, were utilized. This
extensive analysis has demonstrated that these sedimentary successions were deposited during fast sea-level rises
(melt-water pulses) leading to the warm peaks, or highstands, in the 5'30 record (Florindo et al., 2007; Giaccio
et al., 2021; Karner & Marra, 2003; Marra & Florindo, 2014; Marra, Costantini, et al., 2019; Marra et al., 2008,
2015,2016,2017,2021; Pereira et al., 2020; Villa et al., 2016). In particular, Marra et al. (2013, 2016) have shown
that the aggradational successions of the Paleo-Tiber and the Modern Tiber River exhibit an abrupt change in
grain size, shifting from coarse gravel (1 < ¢ < 10 cm) to sandy clay (¢ < 1 mm) sediments. This change co-
incides with the occurrence of melt-water pulses during glacial terminations, while the deposition of the thick
fine-grained sedimentary section matches the establishment of the sea-level highstand (Figure 2).

This sedimentary model is highly sensitive and can even detect minor melt-water pulses. For instance, early
aggradational phases corresponding to moderate sea-level oscillations preceding the main melt-water pulse have
been identified using “°Ar/*’Ar methods. These phases lead to the isotopic highstand during glacial terminations
V (MIS 12-11), IV (MIS 10-9), and III (MIS 8-7) (Giaccio et al., 2021; Marra et al., 2016, 2022) (see Figure 2b).
Giaccio et al. (2021) and Marra et al. (2022) have identified a significant correlation between melt-water pulse
events in the 5'30 record, peaks in the ice-rafted debris (IRD) record (Barker et al., 2019), and the deposition of
gravel beds at the base of the aggradational successions. This correlation suggests that the deposition of gravel in
the catchment basins of the Tiber and Sacco-Liri-Garigliano Rivers represents a reliable proxy for deglaciation
events. By combining radioisotopically dated (**C and *°Ar*°Ar) morpho-sedimentary units, this composite
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Figure 2. (a) Stacked aggradational successions of the Paleo-Tiber River and geochronologic constraints achieved in previous literature (see text for full references),
allowing for their correlation with the oxygen isotope record. (b) Examples of chronostratigraphic constraints provided by the aggradational successions correlated with
MIS 7.1 through MIS 9.3 and with MIS 11.1, highlighting the occurrence of early aggradational phases corresponding to moderate sea-level oscillations in the Relative

Sea Level curve by Grant et al. (2014).

record can provide crucial geochronological constraints that are often lacking in Middle Pleistocene sea-level
records, thus contributing to a better understanding of the relationship between insolation changes and sea-
level oscillations.

To investigate these sedimentary layers, a deep borehole (PR1, Figures 3 and 4) was drilled in Rome,
reaching a depth of 120 m. This borehole aimed to recover a succession of gravel and clay horizons that were
not visible in outcrop. The identification of these horizons was based on stratigraphic logs from the 1950s
(see Figure S1 in Supporting Information S1), which were conducted during the past decades by the
Municipal agency for electricity and environment (ACEA) for hydrogeological purposes. These logs were
stored in the databank of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) and had not been
previously published. Earlier shallow boreholes carried out by INGV had already retrieved the upper gravel

FLORINDO ET AL.

3 0f 20

850801 SUOLULLOD SA 181D 3[edt(dde 3Ly Aq peuRA0b 212 ST YO ‘88N JO S3|NJ 10} ARe.q1 T 8UIIUO AB]IA LD (SUORIPUOO-PUE-SWLIBYW0D" A3 1M AR 1[BuU0//:SaNLY) SUORIPUOD PUe SWwis L 84} 88S " [1202/70/2T] U0 ARiqiTaulluo A8 |IMm ‘WsnsuBewoss JO aiminsu| uelpu| Aq 2/8/2090E202/620T OT/I0P/W00™A8 | Aiq puljuo'sgndnBey/scny woJj pepeoumod ' ‘20z ‘9SE669TZ



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20231B027877

+23 ma.s.l.

SAMPLES (depth from ground level)

Brown sandy clay with volcanic ~ ang g

40 39 i i
scoria and lithic inclusions ® “Ar/*Ar dating (age in ka)

« paleomagnetic sample
® micropaleontological sample

erosive contact

Yellow sandy clay with organic glomerus
passing downward to yellow clayey sand
with frequent carbonatic concretiions AS7

erosive contact
Light brown fine sand in grey clay matrix

Coarse sand in brown clay matrix AS 6

Medium-coarse gravel (2<5 cm)
in light brown clayey sand matrix

Grey clay with rare organic matter

Coarse gravel (2<10 cm) AS5
in light brown clayey sand matrix

0
3 Light brown sand
480 =3
4%8 = 5/0‘7 Yellowish to grey clay
51.10/15 g 0 Yellowish sand with silt layers

Light brown sand

Coarse gravel (<10 cm)
in light%rown clayey sand matrix As4

Grey clay with medium-fine gravel

Coarse gravel (<10 cm) in light brown
clayey sand matrix with thin clay layers

Light brown to grey silty sand
Grey clay with sand intercalations AS 3b

Medium-coarse gravel (2<5 cm) in grey
clayey sand matrix with thin clay layers

Grey silty sand

Coarse gravel (<10 cm)
in grey clayey sand matrix AS3a

Grey clay with sand intercalations and
sparse fine gravel at the top

peat
Dark grey clay with reddish veiling AS 2

Coarse gravel (2<10 cm) in grey
clayey sand matrix

Medium grey sand with sparse gravel

Medium to fine grey, thickened sand, with silt layers

Light grey 5 cm-thick clay layer AS 1

Coarse gravel (2<7 cm) in white sand matrix

X o
1208120 @S ° A°61208'97-8

=100

Figure 3. Stratigraphic log of borehole PR1 showing the boundaries of the aggradational successions and the sampling. See
text for comments and explanation.

layer of this succession, which was dated between 783 and 802 ka using paleomagnetic investigation tech-
niques (Florindo et al., 2007) and correlation with *“°Ar/*°Ar dated tephra layers in nearby boreholes. Florindo
et al. (2007) associated this gravel layer with glacial termination IX at the beginning of Marine Isotope Stage
(MIS) 19. The purpose of the PR1 borehole was to recover the >800 ka gravel-clay horizons in order to
provide geochronologic constraints that directly correlate with the sea-level oscillations indicated in the 5'%0
record. Our investigation involved paleomagnetic analysis of the recovered clay horizons, “°Ar/*°Ar dating of
loose sanidine crystals extracted from the sand matrix of gravel layers (detrital sanidine), and micropale-
ontological analysis of selected samples.
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2. Methods
2.1. Stratigraphic and Sedimentologic Analysis

One defining characteristic of the aggradational successions of the Paleo-Tiber River is the sudden shift in
sedimentary facies between the lower and upper sections of the sedimentary record (Giaccio et al., 2021; Marra
et al., 2008, 2013, 2016, 2022). This is also observed in the 120-m-thick succession extracted from the PR1
borehole, where a sharp boundary separates a layer of well-rounded limestone and chert pebbles, with diameters
reaching up to approximately 10 cm (as measured by the core's inner diameter), embedded in a matrix of silty sand
(0.5-1.0 mm), from a separate layer of mostly clayey <0.004 mm and sandy <0.5 mm sediments that is several
meters thick (5-9 m, as shown in Figure 3 and Figures S2 to S8 in Supporting Information S1). Notably, no clastic
particles larger than 2 mm are ever found in the upper sedimentary layer above this boundary. Given the clarity of
this boundary, which allows for objective identification, detailed granulometric and sedimentologic analyses are
beyond the scopes of the present study and are not included here. Based on the conceptual model of aggradational
successions proposed by Marra et al. (2008, 2016), the sharp sedimentary boundaries are used as a proxy for
glacial terminations. The lower coarse sedimentary package is believed to indicate the glacial lowstand, which
includes the erosive phase that corresponds to a sedimentary hiatus (unconformity surface at the base of each
gravel layer) and the initial sea-level rise at the end of the glacial maximum, which leads to the rapid accumulation
of gravel. The fine-grained package above the sedimentary boundary is believed to indicate the establishment of
the sea-level highstand during the interglacial period. In order to investigate the depositional environmental and
paleogeographic context and support the inferences on the sea-level oscillations, micropaleontologic analysis was
performed on samples collected from the clay sections.

2.2. Micropaleontologic Analysis

A 20-40 g fraction was chosen from each one of the 18 samples analyzed for micropaleontological content, then
oven dried and soaked in water before being sieved over a >63 pm and >125 pm mesh sieve. The resulting
fractions (<63 pm, 63—125 pm and >125 pm) were separated by weighing the sieve refuse and expressing it as a
percentage. Due to the low number of specimens, a qualitative analysis was performed on the >125 pum residue,
and the main benthic foraminifer species were identified. For planktic foraminifers, only their presence or absence
was noted. These microfossils are useful biological indicators that allow for the paleoenvironmental character-
ization of the sediments at the time of deposition (Kucera, 2007; Van der Zwaan et al., 1999).

2.3. “4r°Ar Analysis

Since primary volcanic layers were not present in the sedimentary deposits recovered from borehole PR1, we
utilized the detrital sanidine method to determine the maximum age of these deposits (Heizler et al., 2021; Marra
et al., 2022; Marra, Gaeta, et al., 2019). Additionally, we re-dated a new sample of the primary pumice fallout
recovered from borehole PT2 which was previously dated at 802 + 4ka (Florindo et al., 2007; Karner et al., 2001).
Sanidine phenocrysts were extracted from both the primary pumice and from six sedimentary samples. These
samples were then co-irradiated with the 1.1864 Ma Alder Creek sanidine standard (Jicha et al., 2016) at the
Oregon State University TRIGA reactor in the Cadmium-Lined In-Core Irradiation Tube. The single crystal
fusion analyses were conducted at the WiscAr laboratory at the University of Wisconsin-Madison, utilizing a
55W CO, laser and a Noblesse multi-collector mass spectrometer, according to (Jicha et al., 2016). The full
analytical data are reported in Data Set S1.

2.4. Paleomagnetic Sampling, Laboratory Procedures, and Analysis

We collected 82 samples of core PR1 using standard plastic cubes with a volume of approximately 8 cm®. We
obtained a total of 80 samples from the core's center, at depths ranging from 9.85 to 103.85 m. All samples were
carefully oriented with respect to vertical; lack of azimuthal orientation did not pose a problem for polarity
determination because the geomagnetic field at the latitude of this site (41° 53’N) has a steep inclination (61
assuming a geocentric axial dipole field). To ensure minimal sample dehydration and alteration, we placed the
samples in sealed bags and stored them in a refrigerated room until processing at the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) in Rome. At the laboratory, we measured both natural and artificial magne-
tizations of the samples at room temperature using a narrow-access pass through a 2-G Enterprises cryogenic
magnetometer, housed in a shielded room. To demagnetize the samples, we used three mutually orthogonal
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alternating field (AF) demagnetization coils that were arranged in-line with the cryogenic magnetometer. We
applied successive peak AFs of 0,4, 8, 13,17, 21, 25, 30, 35, 40, 45, 50, 60, 80, and 100 mT. To assess the stability
of the natural remanent magnetization (NRM), we used vector component diagrams. We determined charac-
teristic remanent magnetization (ChRM) directions by using principal component analysis (PCA) with linear best
fits calculated from four or more demagnetization steps (Kirschvink, 1980), using the PuffinPlot paleomagnetic
analysis application developed by Lurcock and Florindo (2019).

For each sample, we utilized two options for PCA analysis: (a) the free option, wherethe line is fitted through the
data without the constraint of passing through the origin of orthogonal demagnetization diagrams, and (b) the
anchored option, where the line is also fitted through the data but is anchored to the origin of orthogonal
demagnetization diagrams. Case-by-case, we decided on the most appropriate approach.

After demagnetizing the NRM of the samples, a series of rock magnetic analyses were performed to determine
changes in magnetic mineral composition, concentration, and grain size throughout the core. Low-field magnetic
susceptibility (y) was measured using an AGICO KLY-2 Kappabridge magnetic susceptibility meter, with a
0.1 mT field at a frequency of 470 Hz. An anhysteretic remanent magnetization (ARM) was generated by
applying a 0.05 mT direct current (DC) bias field superimposed on a 100 mT peak AF, while moving the samples
through the AF and DC coil system at a speed of 10 cm/s, the lowest speed permitted by the control software. The
resulting ARM was then measured. Hysteresis loop, backfield demagnetization curves, temperature-dependent
magnetic susceptibility (k-T) and first-order reversal curves (FORCs) were among the measurements carried
out on 15 samples selected from the clay-rich horizons. Details of the laboratory procedures and analysis are
reported in Supporting Information S1.

3. Results
3.1. PR1 Borehole Stratigraphy and Stratigraphic Correlations

The sedimentary succession recovered from borehole PR1 is described in the stratigraphic log of Figure 3.
Photograph of the complete set of cores recovered by the drilling are provided in Supporting Information S1.
Based on the principles outlined in Section 2.1, a total of six complete and two partially preserved (upper portion)
aggradational successions (AS 1-8) have been identified. Except for the uppermost interval, which represents the
fine-grained portion of the most recent glacio-eustastic cycle (0.018 ka—Present), corresponding to the alluvial
deposits of the Modern Tiber Formation, all the aggradational successions between —120 and 7.7 m can be
attributed, in first analysis, to the Paleotiber Succession. This succession encompasses the glacio-eustatic cycles
older than 600,000 years (Luberti et al., 2017). Consistently, the basal gravel layers within these aggradational
successions show lateral correlation with the gravel layers encountered in the deep ACEA drillings, which were
associated with the Paleotiber Succession (Florindo et al., 2007; Marra & Florindo, 2014) (see Figure 4 and Figure
S1 in Supporting Information S1). The upper portion of the lowest aggradational succession, AS 1, is charac-
terized by a relatively coarser grain size with compared to the other AS's. It is characterized by intervals of
medium to fine sand and silt intervals instead of clay. However, the distinct change in grain size at the top of the
basal coarse gravel bed, above which no sediment with a grain size greater than 2 mm is found, aligns with the
criteria used to define proxies for glacial terminations in the sedimentary model. Similarly, we have split the AS 3
in two sub-sections AS 3a and AS 3b, based on the occurrence of a 2 m-thick layer of silty sand within the very
thick gravel bed recovered between depths of —75 and —95 m. Two additional “canonical” aggradational suc-
cessions, AS 4 and AS 5, are observed between depths of —31.3 and —69.3 m. These successions are characterized
by a sharp transition from coarse gravel to fine sand and clay. A noticeable color change from gray to light brown
is also observed in the sand and minor clay fraction within the matrix of the coarse gravel beds, starting from AS 4
(see Supporting Information S1 for photographs of the cored sediments). The upper portion of AS 6, which
consists of fine-grained sediments, exhibits a higher abundance of sand fraction and an overall light brown color.
A distinct unconformity is observed at the top of this sandy clay horizon, indicating erosional contact with the
overlying sediments of AS 7. AS 7 is characterized by a distinctive package of yellow to whitish clayey sand,
frequently containing carbonate concretions and travertine layers. In previous literature, this package was referred
to as the Paleotiber 2b Unit (e.g., Marra & Rosa, 1995) and later as the Paleotiber 3 Unit (Florindo et al., 2007).
This sedimentary horizon overlays the Paleotiber 2 Unit, which has been correlated through *?Ar*°Ar dating and
paleomagnetic analysis with MIS 19 (Florindo et al., 2007) (see Figure 4).
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Based on these preliminary correlations, an age of over 800 ka is inferred for AS 1 through AS 6, which were
recovered in the PR1 borehole. Figure 4 presents the A-B-C profile, illustrating the lateral correlation of the MIS
19 aggradational succession and the overlying sandy-travertine horizon across the subsurface of Rome, including
the borehole PR1. This correlation is based on observations from various boreholes and stratigraphic logs
available in the INGV databank. The AS represented by the underlying gravel-and-clay sedimentary package in
the cross-section of Figure 4 is tentatively correlated with MIS 21, while the lower aggradational successions
within the Paleotiber Graben are indicated in shades of gray. The inset map in Figure 4 illustrates the trend of the
marine clay substrate (Marne Vaticane Formation (Marra et al., 1995)) in the Rome area, along with the inferred
buried faults surrounding the tectonic depression where these alternating gravel and clay horizons are found. The
presence of this area, influenced by tectonic and erosional processes, is inferred by comparing the base level of the
continental gravel beds (at approximately 100 m below sea level) with the base level of the 800 ka-old gravel bed
and the overlying coastal clay deposit of the Ponta Galeria Formation 1. In the southwestern area of Rome, the
Ponta Galeria Formation 1 occurs between 10 and 35 m above sea level and correlates with the MIS 19 aggra-
dational succession in Rome, which occurs between —10 and 15 m above sea level (Florindo et al., 2007; Marra
et al., 1998; Marra & Florindo, 2014). However, due to the lack of geochronological data on the deeper gravel
beds, information regarding the tectonic rate and the timing of gravel accumulation is currently unavailable.

3.2. Micropaleontological Data

Results of micropaleontological analyses are summarized in Table 1. A detailed discussion of the environmental
context is provided in Section 4.

3.3. “4r°Ar Age Data

Results of single crystal dating of the sedimentary samples collected in PR1 and the primary fallout pumice
collected in PT-S2 boreholes are shown in Figure 5.

Full *°Ar/*°Ar data are in Data Set S1.

3.3.1. Sample PT2-S2B

Twenty-seven sanidine crystals extracted from pumice clots of this primary tephra yielded a weighted mean age
of 787.6 £ 1.9 ka (2 o), superseding previous, less constrained age assessment of 802.4 + 2.9 ka (1 o), which was
based only on 6 crystals (Florindo et al., 2007). The new age is in excellent agreement with the astrocalibrated age
of glacial termination IX at the onset of MIS 19 (ca. 790 ka (Lisiecki & Raymo, 2005),), and provides new support
to the sedimentary model of the aggradational successions. Indeed, sample PT2-SB occurred few cm above the
gravel-clay transition marking the glacial termination in borehole PT-S2 (Figure 5).

3.3.2. Sample PR1-12

A large youngest population of 22 crystals extracted from this sedimentary sample yielded a weighted mean age
of 807.4 + 1.4 ka (2 o), whereas 7 other crystals yielded scattered ages ranging 823—-867 ka. Notably, with respect
to the underlying samples in which ages younger than 1.3 Ma are lacking, sample PR1-12 marks the beginning of
the alkaline-potassic volcanic activity of the Roman Magmatic Province (Peccerillo, 2017), and references
therein) since ca. 810 ka, as documented in the mid (Marra & Florindo, 2014) and distal (Giaccio et al., 2015)
tephrostratigraphic settings. However, scant eruptive activity occurred in the interval 870-810 ka is evidenced by
sample PR1-12, whereas no dates in the interval 0.87-1.31 Ma are found in the underlying samples PR1-25 and
PR1-27/28.3, which are inferred to have an age of ca. 870 ka (i.e., glacial termination x; see ahead).

3.3.3. Samples PR1-25.7, PR1-27/28.3, PR1-45.0, PR1-72.7, PR1-120.8

All these samples yielded a single, very homogeneous crystal population ranging 1318.6 £ 2.0-1311.1 + 1.5 ka,
providing a maximum age for the AS1 through AS6. This age matches that of the Mount Cimini volcanic activity
(Barberi et al., 1994) and the limited age range displayed by the five samples should be considered to represent
that of an intense eruptive activity that occurred in a concentrated time span at this volcanic district. The ages do
not overlap at 2 o, but the difference in age between some of the samples is not expected to reflect actual dif-
ference in time of deposition of the sediment.
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Table 1
Summary of Micropaleontological Data
Sample Sand (%) Micropaleontological content Environment
PR1-16.5 34.58 Barren. Carbonatic concretions are present. Fluvial environment.
PR1-22.18 39.15 Planktic species: Globigerina bulloides, Turborotalia quinqueloba, Neogloboquadrina Shallow coastal environment.
pachyderma; Benthic species: Cibicides lobatolus, Ammonia tepida, Uvigerina
mediterranea.
PR1-22.84 42.30 Very rare planktic species: G. bulloides, N. pachyderma. Shallow coastal environment.
PR1-24.6 72.66 Barren Continental/fluvial environment.
PR1-32.11 6.54 Barren Continental environment.
PR1-32.86 0.51 Rare ostracods, broken bivalves and some gastropod opercula. Coastal marsh/peatland environment.
PR1-35.0 3.27 Rare ostracods, broken bivalves and some gastropod opercula. Coastal marsh/peatland environment.
PR1-48.0 20.47 Very few planktonic species: G. bulloides, N. pachyderma, Globorotalia margaritae, Shallow coastal environment.

Globorotalita rubescence. Benthic species: A. tepida, C. lobatolus, Asterigerina planorbis,
Brizalina spp., Gyroidina spp. Eggerella brady, Cybicides sp, Rosalina bradyi, Bulimina
aculeata, Nonion commune, Cassidulina laevigata. Some ostracod shells.

PR1-49.0 14.79 Rare planktonic species: G. bulloides, N. pachyderma; Benthic species: Brizalina spp., Shallow coastal environment.
Adelosina spp., Cassidulina spp., Bulimina spp.

PR1-51.10/15 15.57 Planktic species: G. bulloides; Benthic species: A. beccarii, Cibicides sp.. Transitional environment.

PR1-69.5 4.59 Very rare planktic species: N. pachyderma, G. bulloides. Benthic species present: Kareriella  Shallow water coastal environment.

bradyi., Cibicidoides spp., Pullenia bulloides, Brizalina spp..

PR1-74.95 20.47 Planktic species: G. bulloides, N. pachyderma. Benthic species: C. lobatulus (the most Shallow water coastal environment.
present), Nodosaria spp., Bulimina aculeata, C. laevigata (second most abundant),
Pullenia bulloides, Cibicides sp., A. beccarii.

PR1-97.0 7.65 Rare planktic species: G. bulloides, Turborotalita quinqueloba, Globigerinita glutinata, N. Littoral environment.
pachyderma; Benthic species: Bulimina elongata, Valvulineria bradyana, Cibicidoides
sp., Melonis spp., Aterigerina planorbis.

PR1-102.66 0.46 Benthic very rare species: C. lobatulus and Elphidium spp., Some rare ostracods tests are as  Shallow coastal environment.
well present

PR1-103.34 0.08 Few bivalve shells fragments. Continental to coastal marsh.
PR1-103.91 0.09 Few bivalve shells fragments. Continental to coastal marsh.
PR1-108.5 17.98 Very rare planktic species: N. pachyderma. Continental to transitional environment.
PR1-110.5 58.68 Very rare planktic species: N. pachyderma, G. bulloides. Continental to transitional environment.

3.4. Paleomagnetic Data
3.4.1. Paleomagnetic Behavior

The NRM intensity ranges between 3.5 X 107¢ and 7.0 x 10~ A/m, with a mean of 8.6 X 10™> A/m. Through
stepwise AF demagnetization, the ChRM component was isolated in 73% of the analyzed samples. The maximum
angular deviation (MAD) values range from 0.61 to 18.1. Figure 6 illustrates the typical demagnetization
behavior. Most samples exhibit a low-coercivity overprint, which was successfully removed at peak fields
<10 mT. The inclinations of the ChRM allow for the identification of magnetozones. These are primarily defined
by using at least two consecutive samples with inclinations significantly different from neighboring intervals
(Figure 7). Only one interval contains an isolated sample (—22.71 m) with polarity opposite to the rest of the
magnetozone.

The observed ChRM inclinations are steeper than the present-day geocentric axial dipole (GAD) inclination
(£61°) at the site latitude. With the available data, we cannot exclude the possibility that the discrepancy may be
associated to an unremoved overprint. Mean ChRM inclinations were separately calculated for normal and
reverse polarity populations using the Arason-Levi inclination-only algorithm (Arason & Levi, 2010) as
implemented in the PuffinPlot application (Lurcock & Florindo, 2019). The normal polarity samples have a mean
inclination of 55.05° (N = 16; @95 = 9.4°), while the reverse polarity samples have a mean inclination of —54.54°
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Figure 5. Relative probability diagrams showing crystal age distribution of the *°Ar/*’Ar dated samples.

(N =44; a95 = 6.6°). These values pass the inclination-only reversals test at the 95% confidence level suggesting
that the mean directions could indeed represent a reliable polarity record.

3.4.2. Magnetic Properties

Magnetic properties show some changes along the studied interval. The magnetic susceptibility ranges between
9.01 x 107® and 2.31 x 10™* SI with a mean of 9.22 x 10> SI. The ARM parameter, which is particularly
effective in activating finer magnetic grains, shows an average value of 7.7 X 10™* A/m and ranges between
1.3 x 107* and 3.9 x 10~ A/m (Figure 8). Downcore variations in magnetic susceptibility are associated with
similar changes in ARM, suggesting that these fluctuations are primarily controlled by changes in magnetic
mineral concentration. The highest values are found preferentially within the clays and sandy clay intervals.

Continuous monitoring of »-T changes of samples above approximately —52 m reveals a maximum unblocking
temperature between ca. 580 and 600°C, indicating the presence of magnetite (see details in Figure S9 in Sup-
porting Information S1). The behavior of the discrete samples during AF demagnetization provides additional
support for magnetite as the main magnetic carrier. The increase in susceptibility during cooling is likely due to
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Figure 7. Lithology, downcore variations of characteristic remanent magnetization inclination and magnetic polarity
zonation (black = normal polarity and white = reverse polarity). In gray, the intervals without samples are indicated.

the formation of ferrimagnetic minerals through the thermo-chemical alteration of paramagnetic clays. Addi-
tionally, hysteresis measurements showed a high concentration of paramagnetic minerals in these samples (see
Figure S10 in Supporting Information S1).

Samples taken at depths below —75 m exhibit an increase in magnetic susceptibility around 370—400°C during
heating, reaching peak susceptibility at approximately 470-500°C, followed by complete loss of magnetization
(Tc) at around 570—-600°C. The significant rise in susceptibility at approximately 370-400°C is likely attributed to
the thermochemical alteration of weak magnetic iron sulfide minerals, such as pyrite, into magnetite.

The high Mrs/Ms values and low Hcr/He ratios of these samples (see Table S1 in Supporting Information S1) are
indicative of ferrimagnetic iron sulphides, such as greigite (Roberts, 1995; Roberts et al., 2005, 2011). Although
Roberts et al. (2018) highlighted some limitations of the Day plot for determining magnetic domain size,
including the magnetic mineralogy, which was originally designed for magnetite and titanomagnetite, our study
shows that the paleo-Tiber River sediments can be easily classified based on their mineralogy in the Day plot
(Figure S11 in Supporting Information S1).

The behavior of some discrete samples during AF demagnetization provides additional support for the presence of
magnetic iron sulfide. For some samples below —52 m, AF demagnetization above 50 mT was obscured by the

FLORINDO ET AL.

12 of 20

858017 SUOWWOD SAIERID 3(edl|dde sy Aq peusenob are e YO 8sn JoSs|n. 1oy Afeiq1aul|uO /8|1 UO (SUOTIPUOD-PUR-SWBH D" A3 1M ARIq 1 BUI|UO//STHIY) SUORIPUOD PUe SWiB L 38U} 88S " [F202/70/2T] Uo Ariqiauluo A8|im ‘Wsiieubewoss JO ainmiisu| Ueipul Aq £28/208r€202/620T OT/10p/woo A8 im Areiq1jpuliuo'sgndnbe//sdiy woij pepeojumoq ‘€ ‘720z ‘95866912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20231B027877

AS5| T 440

— 50

NRM intensity Magnetic susceptibility ARM intensity
T ‘ T

HHIHI[HHIHII

HMHHILHIHHIII I[HHHI

f“lHIHH‘HIIIIIH‘[HI!HH

o
o
7L

IIHHHI|IIllHH]|JlIIHth]IHIIHMHIIIH”HIIIH

TTIIT

progressive presence =
of iron sulphides
|

IIIJHHHHI‘IH TTT §£

_h -LHUIHHMH\II IllLlHHlIIlH\H\III‘H\H\H\llll\\H\\llll\\H\\lll\IH\H‘HIII\IH‘\IIIIIH\‘\ILHIHLMJMIJH—L

Ill%ll_w_l_!

IHHHIIlHHHHIl[IIHI]H’I[IHHHlll[lHH]lHIIHHI‘IHHII

w |IHH\]IIl\\HJHIIllIlHHIJ\HHIH\IlIHIH\HlJIIIHHl‘IJIH[H\‘\1\IIHH‘\HIIII\I‘HIIIHH|HHIIHI[IHHJIII

100 = =

~o = 3 E

o) | = : g

R 110 = =

AST prim— = 3 E

Po. - E 3 =
24 120 1205| coec Ly 0 g E | I | E I | !

clay section 0 25 S 1 2 0 2

paleomagnetic sample (104 A/m) (104 SI) (10° A/m)

Figure 8. Lithology and downcore variation of the main magnetic properties.

simultaneous acquisition of a gyroremanent magnetization (GRM) (Stephenson, 1980, 1981) (e.g., sample
—98.24 m). The presence of a GRM suggests the occurrence of single-domain material, and sedimentary greigite
commonly exhibits single-domain-like properties (Roberts, 1995; Roberts et al., 2011).

In the previously studied sedimentary record of the MIS 19 aggradational succession of the Paleo-Tiber recovered
in borecores PSA and VVM (Florindo et al., 2007), identified the presence of iron sulfides, including coarse-
grained pyrite framboids and fine-grained (single domain) greigite in the clay samples. The fact that the PR1
record shows the presence of iron sulfide occurrences, possibly diagenetic greigite, limited only to the lower
depths or at a few middepth intervals, is consistent with the observed transitional depositional environment of the
lowest aggradational successions encountered in PR1. These are characterized by marine influences, in contrast to
the pronounced continental features of the uppermost one, which correlates with the aggradational succession
encountered in PSA and VVM boreholes.

4. Discussion
4.1. Micropaleontological Analyses
4.1.1. Interval 114-108 m (—86 m to —91 m)

The fine fraction of this oldest aggradational succesion, represented by sand, is characterized on top by rare
planktic foraminifers such as G. bulloides and N. pachyderma (Table 1). This could suggest an environment
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characterized by a fluvial valley (or channel) being filled firstly by gravel, and subsequently by progressively finer
sediments and occasionally being inundated by marine water which enabled the transport of such deep marine
foraminifers from more distal, bathyal areas. In this case, even if a sea level rise can be deduced, finer sediments
(clay) were never deposited, or were eroded during the subsequent lowstand. The planktic foraminifers identified
are common species living for most of the Neogene and are found in present day plankton and consequently we do
not have the basis to assume reworking from older layers.

4.1.2. Interval 104-94 m (—81 m to —71 m)

Here, the first signs of relative sea level rise are indicated by the progressive more consistent presence of marine
benthic fauna (V. bradyana, Elphidium spp., C. lobatolus, A. planorbis) typical of internal shelf (Olson &
Leckie, 2003) and bivalve shells fragments (Table 1). This, paired with the presence of deepwater planktic
foraminifers suggests that such faunal assemblage could been transported via the gradual transition further away
from the river mouth and closer to the shore. The depositional environment after the gravel deposition was most
probably a transitional environment, influenced both by fresh (organic matter of fluvial origin) and salty water.
The lack of reworked or transported benthic species in the lowest two samples allows us to exclude that those
occurring in the upper sample may derive from erosion of the older, Plio-Pleistocene marine substrate (“Monte
Vaticano” Unit, Marra et al. (1995)). Indeed, microforaminifers deriving from reworked sediments of the older
substrate, if present, should occur in all the samples. More in general, none of the characteristic, abundant
planktonic species of the Monte Varicano Unit (e.g., Globorotalia inflata, Globorotalia aemiliana, Globorotalia
puncticulata (Carboni, 1975; Marra et al., 1995)) are observed in the microforaminiferal assemblages of the
investigated samples, ruling out a contribution of reworked planktic and benthic specimens from the older
sedimentary substrate.

4.1.3. Interval 75-69.3 m (—53 m to —46.3 m)

In this sandy clay interval some rare benthic and planktic foraminifers appear. In sample PR1-74.95, together
shallow water species (Murray (2006); from lagoon to neritic environments; C. lobatulus and A. beccarii) and
deep water species (outer neritic and bathyal environments; Nodosaria spp., B. aculeata, C. laevigata, P. bul-
loides, Cibicides sp.) can be found while organic matter and wood fragments are abundant (Table 1). In the
following sample, deep water planktic and upper neritic to bathyal benthic foraminifers (Olson and Leckie (2003);
Bulian et al. (2022) and references therein; K. bradyi, Cibicides sp., P. bulloides, Brizalina spp.) prevail. Similarly
as before, even in the absence of an open marine environment, the increase in marine influence is still evident,
indicating a transitional environment, possibly a tidal channel or flat located on the deltaic plain. In this setting,
there is a progressive increase in marine influxes, with more numerous deep benthic and planktic species being
introduced from further offshore.

4.1.4. Interval 53.5 to 47.3 m (—30.5 to —24.3 m)

Considering the micropaleontological content of this sequence, and the sand content ranging between 15% and
20%, this interval was most likely characterized by a transitional environment closer to the coast (deltaic front)
(Table 1). In fact, moving upwards through the sequence, it appears that we are transitioning away from the river
mouth (from a delta plain to a delta front) and getting closer to the sea. This progression is evident through a
reduction in organic matter, accompanied by higher abundances and diversity of transported deep-water planktic
and benthic foraminifers. Nevertheless, the latter are found together with species, most likely in place, that are
tolerant to lower salinities, such as the Ammonia group and Rosalina spp. found in lagoonal environments
(Guelorget & Perthuisot, 1983; Murray, 2006), or C. lobatolus, an epiphytic taxon living attached to seagrass
(Bolliet et al., 2014), in many instances developed in patches on delta front platforms or in the inter-distributary
bays.

4.1.5. Interval 36.5 to 31.3 m (—13.5 to —8.3 m)

Sediment residue analyses suggest the development of a stagnant marsh or peat environment during this clay
interval, indicated by high quantities of organic matter and the presence of ostracods, some bivalve and gas-
tropods opercula (Table 1). Evidently, this interval was characterized by a more continental, fluvial influenced,
coastal environment, evolving upward to a coastal alluvial plain.
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4.1.6. Interval 26 to 20.8 m (-3 to 2.2 m)

The fining upward send sequence, initially barren in fauna, progressively starts containing rare but well-preserved
marine deep water planktic foraminifers, which become more diverse in the uppermost sample. In the latter
shallow water species C. lobatolus and A. tepida also appear (Murray, 2006) (Table 1). This, paired with the high
quantities of sand fraction (ca. 70%—40%) showing a fining upward pattern could suggest a progressive estab-
lishment of an area more proximal to the sea, like a delta front, or a distributary channel in the delta front where
small shallow water embayments can form and where paired with the in situ shallow water taxa, deep planktic
species could be transported. As all the foraminifer species found present throughout the entire Neogene and in
the present-day plankton and benthos, and due to their good preservation, reworking from older sediments may be
excluded.

4.1.7. Interval 20.8 to 7.7 (2.2-15.3 m)

A continental environment can be found in this horizon that culminates with the highly evaporative facies of
sample PR1-16.5 which suggests a regressive phase that follows the highstand (Table 1). The marine environ-
ments immediately filled, and the delta started prograding rapidly changing this area from coastal-transitional
area to a continental environment.

4.2. Correlation With the GITS and the §'30 Record

The “°Ar/*°Ar maximum depositional age of 807.4 + 1.4 ka (sample PR1-12) and the paleomagnetic data from the
AS7 clay section provide clear evidence for the correlation of the uppermost magnetozone with the Brunhes
Chron (Figure 9). Based on the stratigraphic position of the B-M boundary and considering the terminus post
quem provided by a maximum age of 1317 + 1 ka (weighted mean age of the five underlying samples), we have
identified the following sequence of events: Kamikatsura and Santa Rosa excursions, Jaramillo subchron, and
Cobb Mountain subchron. The B-M transition occurring within the interval between 11.91 and 18.91 m combined
with age of 807.4 + 1.4 ka yielded by sample PR-12 provide unambiguous correlation of AS7 with MIS 19. These
chronostratigraphic constraints confirm the previously inferred lateral stratigraphic correlation with the aggra-
dational succession recovered in boreholes PT-S2 and PT-S6, in which the primary tephra layers dated 788 + 2 ka
(this work), 793 + 13 ka, and 784 + 13 ka (Florindo et al., 2007) are embedded (Figure 4). By combining these
data with the terminus post quem provided by maximum age of 1317 + 1 ka to the emplacement of the other ASs,
we performed a correlation among AS6 to AS1 and each successive isotopic stage preceding MIS 19 in the §'%0
record. As a second step, we checked such correlation through the paleomagnetic signature of the investigated
clay sections, obtaining a satisfactory match (Figure 9). The MIS 19 AS7 record the B-M transition and is
characterized by sandy silt and sand with carbonatic concretions of fluvial-lacustrine environment. These sedi-
ments represent the late stages of sedimentation following the complete sea-level rise and the establishment of a
near-coast alluvial plain. This scenario is consistent with the occurrence of the B-M transition shortly after the
highstand (Figure 9). The sedimentary package including the basal gravel layer and the lower clay section which
marks the glacial termination IX is missing at PR1 drilling site, due to its geomorphological features corre-
sponding to a sector of higher elevation with respect to the bottom of the fluvial incision. The marked erosional
contact with the underlying sandy clay section of AS6 accounts for the lack of a gravel layer, which is found at
slightly lower elevation in the boreholes nearby (see cross-section in Figure 4). Notably, the normal polarity
sample within the upper part of the AS6 clay section matches occurrence of the Kamikatsura excursion at 867 ka.
Such geomagnetic event was previously re-assessed at 906 ka in a revision of the Geomagnetic Instability Time
Scale (GITS) by Singer (2014); however, we speculate whether a distinct, 906 ka reversal actually occurred
(dashed gray bar in Figure 9), consistent with the pair of normal polarity excursions occurring in the ASS5 clay
section.

A more problematic correlation is inferred between AS5 and the isotopic signal during MIS 25-23. Discussing on
the direct proportionality between the isotopic ratio, ice volume and sea-level is beyond the scopes of the present
work. We just remark on the subjectivity relying on assigning the status of isotopic stage to four peaks out of the
five occurring between 900 and 1040 ka, which is not fitting neither their amplitude nor their recurrence.
However, we think it is reasonable to assume that full glacial terminations only occurred during MIS 30/29 and
MIS 26/25, due to the marked gain between the lowstand and the highstand. Based on this hypothesis, we
correlate the ASS5 clay section, recording two short events of normal polarity, with the two consecutive highstands
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of MIS 25 and MIS 23, which are not separated by a glacial termination. Therefore, we infer that the ASS5 clay
section represents a continuous sedimentary succession deposited during this whole-time span. Once this hy-
pothesis is formulated, a striking match is observed between the two very close-in-time normal polarity intervals
recorded in ASS5 and the occurrence of the Santa Rosa excursion and the one previously identified as Kamikatsura,
at 932 and 906 ka. A good match is observed between the normal polarity of the AS4 clay section and its cor-
relation with the first two peaks of the MIS 29-MIS 27 interval, characterized by the occurrence of the late stages
of the Jaramillo subchron. An intriguing correspondence is also found between the double feature of the AS3
gravel-sand/gravel-clay package and the two close MIS 33-MIS 31 highstands. The reversed polarity of the AS4
clay section further supports correlation with MIS 31 before the Jaramillo subchron. Another match supports
correlation of AS2 with MIS 35, when the completion of the Cobb Mountain reversal at 1189 ka (Singer, 2014),
soon after the glacial termination at the MIS 36/35 transition, is compared with the paleomagnetic signal recorded
at the very initial stages of sediment aggradation. An alternative hypothesis that the observed reversal aligns with
the older Bjorn excursion (1255 ka), and AS2 correlates with MIS 39 rather than MIS 37, appears unlikely. This is
due to the improbable scenario of erasing the complete sedimentary record of a glacio-eustatic cycle. Addi-
tionally, the age of the Bjorn excursion predates the glacial termination at the beginning of MIS 39 and would not
be captured by the clay section deposited during the sea-level rise. We cannot exclude, however, that the
seemingly limited duration of the normal polarity interval in AS2 may result from the remagnetization of a portion
of the sediment interval. The widespread presence of iron sulfides in the AS2 clay section has indeed been
emphasized, potentially leading to later remagnetization during the subsequent reversed chron for the three
samples collected at its base (Figure 9). Finally, the first AS1 recovered by PR1 borehole lacks of paleomagnetic
constraints due to its coarse sedimentologic features; however, the maximum age of 1318 ka provided by sample
PR1-120.8 and the assumed continuity of the sedimentary succession consent correlation with MIS 37.

4.3. Paleogeographic and Paleoclimatic Implications

Micropaleontological and sedimentologic analysis on the gravel-to-clay successions belonging to the AS1
through AS6 evidences their deposition in an environment which repeatedly evolved from continental, fluvial
conditions to marine-influenced, coastal conditions. Such homogeneous features suggest that a delta of the Paleo-
Tiber River was stably located in this area, 1250 to 850 ka, and that continuous subsidence, likely with a tectonic
component, determined the deposition of a stacked package of aggradational successions during each glacio-
eustatic cycle. In contrast, the marked continental features of AS7 are consistent with a SW progradation of
the delta ~820 ka, as testified by geochronology and sedimentary data on the MIS 19 and MIS 17 ASs from the
Ponte Galeria area near the Present coast (Marra et al., 1998; see Figure 1). Thickness of both the gravel and the
clay sections vary in consequence of the intervening erosional phases, which partially to totally removed the
preceding AS(s) and determined a lenticular shape for the gravel beds, resting on a variably incised bottom
surface (see cross-section in Figure 4). However, probably the location at the center of the subsiding sector
(“Paleotiber Graben”), consented the lucky circumstance allowing to recover a complete record of the sea-level
oscillations, encompassing MIS 37 through MIS 19, in borehole PR1. Although, for the abovementioned reasons,
no inference can be made on the absolute amplitude of the sea-level oscillations from the total thickness of each
AS, an overall homogeneous feature for the glacio-eustatic cycles occurred 1250 through 870 ka is inferable.
Moreover, the fact that the lowest AS recovered in PR1 between —85 and —97.8 m occurs at lower elevation with
respect to the equivalent ones in other boreholes, which found the Plio-Pleistocene marine clay substrate at ca.
—90 m, suggests the lack of older aggradational successions. The appearance of glacial-deglacial cycles, caused
by the cyclic growth and decay of continental ice sheets in the Northern Hemisphere (NH), is commonly assumed
around 2.8 Ma, with glacial intensification between 1.5 and 1.1 Ma, depending on the latitude at which the proxies
of these events are located (Passchier (2018), and references therein). ODP Site 986 records major glacial
expansion between 1.5 and 1.3 Ma (Butt et al., 2000), while at lower latitude, the oldest recorded glacial advance
by the Scandinavian Ice Sheet onto the Norwegian Shelf is dated at 1.1 Ma (Sejrup et al., 2000). Based on surface
exposure data, Balco and Rovey (2010) reconstruct major advances of the Laurentide Ice Sheet only from about
1.3 Ma. At high latitude, a persistent increase in sedimentation rates from 1.2 Ma onward is observed at IODP Site
U1417 on the southern Alaska margin (Jaeger et al., 2014). The Paleo-Tiber delta data set of ASs suggests a
significant input of glacio-eustacy on sedimentation processes also around 1.25 Ma in the Mediterranean Region.
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5. Conclusions

The combined geochronologic and paleomagnetic constraints provided to the gravel and clay successions
recovered in borehole PR1 consent an overall good correlation between each of the aggradational successions and
each period of sea-level rise inferred from the 580 curve in the interval encompassing MIS 19 - MIS 37, 780
through 1250 ka. This stratigraphic record from the Paleo-Tiber delta provides a unique and well-dated evidence
of the occurrence of glacial/deglacial events, strictly matching with the isotopic record in this time span. Results
of this study confirm the hypothesis that gravel deposition in the catchment basin and the delta of the main rivers
of central Italy is triggered by melting of the Apennines Mountain range glaciers, providing the water transport
energy and a surplus of clastic input. Such hydrologic/sedimentary processes, which occur in any mountain
region of the globe, if correctly depicted and dated, may provide a large data set of deglaciation proxies to unravel
the chronology of glacio-eustatic events occurring during the last 2.8 Ma. In addition, the adopted innovative
dating method based on “detrital sanidine” provides a means to extend the “°A7/*°Ar dating to sedimentary de-
posits, widening its potentiality to regions not directly affected by deposition of primary volcanics.
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