PETROGRAPHIC ANALYSIS

Petrographic analysis was carried out on sand samples collected from cores S1, S5, S14 and SC. For each sample, the bulk sand was used for qualitative compositional observations, whereas point counting (at least 300 grains for each section) was carried out on the fine sand fraction (0.125–0.250 mm). The modal analysis was performed according to the Gazzi-Dickinson method designed to minimize the dependence of the analysis on the grainsize (Zuffa, 1985). Components not related to the original sand composition, such as authigenic carbonate nodules and other particles originated from soil erosion, penecontemporaneous shell fragments, and organic fragments were excluded from final calculations. Additional published compositional data were retrieved from Cremonini (1993), Bruno et al. (2021), Demurtas et al. (2024) and Minarelli et al. (2024). In order to define the provenance of each sample, the repartition of grains having similar hydraulic behaviour (quartz, feldspar, metamorphic, sedimentary and volcanic; Garzanti et al., 2008) was analysed and compared with that of modern river sands (Cremonini, 1993; Lugli et al., 2007; Fontana et al., 2015; Bruno et al., 2021 and Demurtas et al., 2022; 2024). Petrographic analyses in the present study and in Lugli et al. (2007), Fontana et al. (2015), Demurtas et al. (2022; 2024), Bruno et al. (2021) and Minarelli et al., (2024) were performed on the 0.125–0.250 mm grain size fraction, whereas in Cremonini (1993), were carried out on a finer grainsize class (sandy silt). Sampling point locations for the datasets of Lugli et al. (2007), Demurtas et al. (2022), and Bruno et al. (2021) are provided in Demurtas et al. (2024). 
Sands collected from Apennine riverbeds are characterized by relatively low contents of quartz and feldspar and a lithic assemblage dominated by sedimentary lithics, with carbonates prevailing over the siliciclastic fraction (Tab. 1). In contrast, sands from the Po River are rich in quartz and feldspar and are characterized by a lithic assemblage mainly composed of metamorphites and carbonates; volcanic lithics and siliciclastic sedimentary lithics are generally subordinate (Tab. 2). The provenance of core sands from morphostratigraphic units U1, U2, U3, U4, and U5 has been reconstructed based on the comparison with modern river sands. Units U1, U2, and U3 display sand compositions comparable to those of Po River sands, whereas U4 and U5 exhibit compositions similar to those from Apennine rivers (Tab. 1).

	
	APENNINE RIVERS

	Sample
	Crostolo2
	Secchia A2
	Secchia B2
	Secchia 13
	Secchia 23
	Secchia 33
	Panaro 13
	Panaro 23
	Panaro 33
	Panaro 42
	Reno4

	Quartz
	29.6
	12.3
	20.3
	16.3
	24.6
	30.9
	14.9
	20.9
	19.2
	20.9
	36.0

	Feldspar
	19.2
	11.2
	13.3
	22.4
	15.2
	16.8
	10.6
	15.9
	12.7
	11.8
	15.6

	Metamorphic lithic
	0.9
	0.3
	1.4
	0.0
	0.9
	1.9
	0.3
	0.0
	0.0
	0.9
	0.0

	Volcanic lithic
	8.7
	4.2
	2.8
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Shale
	6.5
	8.4
	4.2
	15.5
	12.7
	11.0
	20.4
	9.0
	13.5
	12.9
	14.7

	Siltstone
	3.4
	18.5
	12.9
	12.7
	13.4
	9.8
	15.4
	15.5
	15.1
	12.2
	5.8

	Carbonate lithic
	31.7
	45.1
	45.1
	33.1
	33.2
	29.6
	38.4
	38.7
	39.5
	41.3
	27.9

	TOT
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100


Tab 1. Composition of sand collected from Apennine rivers are retrieved from: 2. Cremonini, 1993; 3.  Lugli et al., 2007; 4. Fontana et al., 2015


	
	PO RIVER

	Sample
	Po 15
	Po 25
	Po 36
	Po 46
	Po 55

	Quartz
	27.9
	40
	46
	37.8
	29.0

	Feldspar
	26.0
	25.2
	25.2
	27.1
	26.0

	Metamorphic lithic
	32.8
	16.80
	8.00
	5.0
	17.2

	Volcanic lithic
	3.0
	2.00
	2.80
	1.9
	2.9

	Shale
	2.0
	4.80
	4.40
	4.6
	2.6

	Siltstone
	0.5
	0.8
	5.6
	3.4
	1.8

	Carbonate lithic
	7.8
	10.40
	8.00
	20.2
	20.5

	TOT
	100
	100
	100
	100
	100


	
	CORE SAMPLES

	Morphostratigraphic unit
	U1
	U2
	U3
	U4
	U5

	Sample
	S1 4.81
	S5 6.51
	S5 13.21
	SC 11.61
	PB 8.87
	S14 6.91
	Gavello2
	MED 4.28
	Cav 4.26
	Cav 86

	Quartz
	42.8
	47.9
	48.4
	45.7
	50.9
	18.7
	35.4
	30.8
	20.3
	23.8

	Feldspar
	32.1
	29.2
	24.8
	27.7
	22.8
	11.0
	13.9
	10.8
	13.6
	20.6

	Metamorphic lithic
	11.1
	12.4
	10.8
	16.9
	11.2
	0.7
	3.5
	1.8
	1.1
	2.1

	Volcanic lithic
	1.8
	1.9
	0
	0.8
	0
	0.3
	8.2
	0.3
	0.0
	0.0

	Shale
	0.4
	0.0
	1.2
	1.1
	0.8
	13.1
	6.1
	17.1
	15.0
	4.3

	Siltstone
	0.7
	1.2
	2.8
	1.1
	0.8
	8.7
	3.2
	3.5
	17.1
	10.0

	Carbonate lithic
	11.1
	7.4
	12
	6.7
	13.5
	47.5
	29.7
	35.7
	32.9
	39.1

	TOT
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100


Tab 2. Composition of sand collected from the Po River are taken from: 5. Demurtas et al. 2022; 6. Bruno et al., 2021. 

Tab 3. Composition of sand collected from cores are retrieved from: 1. this work; 2. Cremonini, 1993; 6. Bruno et al., 2021; 7. Minarelli et al., 2024; 8, Demurtas et al., 2024.
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RADIOCARBON DATES

The chronological framework of this research relied upon 28 14C dates, from samples of organic-matter-rich clay-silt or plant macrofossils collected from new cores. Additional 14 dates derive from published works (Bruno et al. 2018, 2021 and 2024). Samples were AMS counted at the KIGAM laboratory (Republic of Korea) and calibrated with OxCal 4.4 (Bronk Ramsey and Lee, 2013) with the IntCal 20 curve (Reimer et al., 2020).

	Core
	lab
	lab code
	material
	depth (m)
	14C age
	 calibrated age (mean ± 2σ)
	Reference
	Fig.

	184S1
	KIGAM
	KGM-OWd230531
	wood
	3.80
	1181±25
	1105±45
	This work
	 7a and 8d

	184S1
	KIGAM
	KGM-OWd230532
	wood
	6.95
	3354±29
	3580±55
	This work
	 7a and 8d

	184S1
	KIGAM
	KGM-OWd230533
	wood
	9.20
	6198±35
	7080±60
	This work
	 7a and 8d

	184S1
	KIGAM
	KGM-OSa220043
	organic clay-silt
	10.70
	9006±49
	10190±180
	This work
	 7a and 8d

	184S2
	KIGAM
	KGM-OWd230534
	wood
	5.10
	868±26
	760±40
	This work
	 7b and 8d

	184S2
	KIGAM
	KGM-OWd230535
	wood
	6.20
	1286±26
	1225±35
	Bruno et al., 2024
	7b and 8d

	184S2
	KIGAM
	KGM-OWd230536
	wood
	11.10
	4557±31
	5175±95
	Bruno et al., 2024
	7b and 8d

	184S3
	KIGAM
	KGM-OWd230537
	wood
	5.60
	4761±31
	5525±60
	This work
	7c and 8d

	184S3
	KIGAM
	KGM-OWd230538
	wood
	7.80
	5690±32
	6465±45
	This work
	7c and 8d

	184S3
	KIGAM
	KGM-OWd220092
	wood
	10.90
	8107±45
	9055±165
	This work
	 7c 

	184S4
	KIGAM
	KGM-OWd230539
	wood
	5.40
	4074±31
	4560±95
	This work
	 7d and 8d

	184S4
	KIGAM
	KGM-OWd230540
	wood
	8.90
	5974±32
	6810±50
	This work
	7d

	184S5
	KIGAM
	KGM-OWd230541
	wood
	4.20
	2491±28
	2585±75
	Bruno et al., 2024
	 7a and 8c

	184S5
	KIGAM
	KGM-Owd220093
	wood
	14.10
	13370±66
	16090±220
	Bruno et al., 2024
	7a and 8c

	184S6
	KIGAM
	KGM-OWd220094
	wood
	10.45
	5505±41
	6300±100
	This work
	7b and 8c

	184S6
	KIGAM
	KGM-OWd220095
	wood
	12.55
	14418±72
	17600±280
	This work
	 7b and 8c

	184S7
	KIGAM
	KGM-OWd220099
	wood
	8.85
	6432±45
	7455±95
	This work
	 7c 

	184S8
	KIGAM
	KGM-OWd220100
	vegetal remains
	7.10
	5315±43
	6095±145
	This work
	 7d and 8c

	184S8
	KIGAM
	KGM-OWd220101
	vegetal remains
	9.40
	5489±44
	6290±105
	This work
	 7d and 8c

	184S9
	KIGAM
	KGM-OWd230542
	wood
	16.55
	6977±36
	7810±60
	Bruno et al., 2024
	7a and 8b

	184S9
	KIGAM
	KGM-Owd220103
	wood
	19.1
	23249±153
	27500±260
	Bruno et al., 2024
	7a

	184S10
	KIGAM
	KGM-OWd220106
	wood
	12.50
	4847±42
	5580±110
	This work
	 7b 

	184S12
	KIGAM
	KGM-OWd230544
	peat
	4.70
	694±24
	660±35
	This work
	 7d and 8b

	184S13
	KIGAM
	KGM-OWd230546
	wood
	8.6
	2387±29
	2415±70
	Bruno et al., 2024
	 7a and 8a

	184S13
	KIGAM
	KGM-OWd220111
	wood
	18.05
	6826±45
	7660±40
	This work
	7a

	184S13
	KIGAM
	KGM-OSa230064
	organic clay-silt
	18.05
	8310±36
	9335±80
	Bruno et al., 2024
	7a

	184S14
	KIGAM
	KGM-OWd220113
	wood
	8.20
	3740±59
	4100±190
	This work
	 7b and 8a

	184S14
	KIGAM
	KGM-OSa220044
	organic clay-silt
	16.55
	27870±182
	31790±560
	This work
	7b

	184S15
	KIGAM
	KGM-OSa220045
	organic clay-silt
	7.5
	7299±52
	8105±120
	Bruno et al., 2024
	7c and 8a

	184S15
	KIGAM
	KGM-OWd220116
	wood
	16.80
	26964±164
	31110±200
	Bruno et al., 2024
	 7c

	184S16
	KIGAM
	KGM-OWd220120
	charcoal
	6.85
	790±47
	710±70
	This work
	7d and 8a

	184S16
	KIGAM
	KGM-OSa220046
	organic clay-silt
	12.80
	10532±53
	12560±200
	This work
	 7d

	184S16
	KIGAM
	KGM-OWd220121
	peat
	18.20
	22283±119
	26660±420
	This work
	7d

	184S16
	KIGAM
	KGM-OSa220047
	organic clay-silt
	21.20
	30556±209
	34940±450
	This work
	7d

	184S16
	KIGAM
	KGM-OSa220048
	organic clay-silt
	22.10
	33442±258
	38300±1000
	This work
	 7d

	CS
	KIGAM
	KGM-OWd200610
	organic clay-silt
	10.80
	1310±24
	
	This work
	 7b 

	FE
	KIGAM
	KGM-TWd180297
	wood
	10.6
	4160±40
	
	Bruno et al., 2021
	7d

	MED 
	ENEA
	
	peat
	7.65
	1250±65
	
	Bruno et al., 2021
	7a

	PP
	KIGAM
	KGM-TSa180008
	peat
	10.5
	1510
	
	This work
	7d

	SCO
	KIGAM
	KGM-OWd200618
	wood
	10.80
	2424±24
	2470±190
	This work
	7d

	SFP
	KIGAM
	KGM-OWd160291
	wood
	11.70
	2480±40
	2570±190
	Bruno et al., 2021
	7b

	SP
	KIGAM
	KGM-OSn160003
	organic clay-silt
	9.6
	4360±40
	
	Bruno et al., 2018
	8c
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FACIES ASSOCIATIONS

The sedimentological study of 24 sediment cores allowed the distinction of five facies associations belonging to the alluvial depositional system (Fig. 1): fluvial channel, levee and crevasse, well-drained floodplain, poorly drained floodplain, and swamp deposits. They are described as follows.
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Figure 1. FACIES ASSOCIATIONS. Representative photographs of facies associations recognized through sediment core analysis. FC: fluvial channel, LC: levee and crevasse, WDF: well-drained floodplain, SW: swamp, PDF: poorly drained floodplain. Each column represent 1m-long core segment

Fluvial Channel
This facies association (FC in Fig. 1) consists of moderately sorted sands ranging from coarse to fine, generally amalgamated in thick to very thick layers (maximum thickness of about 30 m in the examined cores). Individual sand bodies, up to 12 m thick, show erosive boundaries, occasionally marked at the base by alignments of pebbles, and a fining-upward (FU) trend, with local upward transition to decimeter-thick silty clays rich in organic matter. Locally, wood fragments have been observed. 
The grainsize and thickness of these sedimentary bodies, as well as the erosive basal contact and the FU trend, are typical features of fluvial-channel deposits (Allen, 1963). The upward transition to finer-grained deposits, rich in organic matter, reflects the river channel abandonment due to avulsion or meander cut-off processes.

Levee and crevasse
This facies association (LC in Fig. 1), laterally transitioning to both coarser fluvial-channel deposits and finer floodplain facies, consists of two main lithofacies. The first lithofacies is characterized by cm- to mm-scale alternations of silty fine sand and clayey silts, in varying proportions. Vegetal and root fragments are locally present. The second lithofacies consists of medium-fine silty sand and sandy silt with either FU or coarsening-upward (CU) trend. The thickness of this facies association decreases away from fluvial-channel axes, from ca. 4 meters to a few decimeters.
The interpretation of this facies association is driven by stratigraphic relationships with the adjacent units. Centimeter-scale alternations of sand and silt are interpreted as levee deposits (Alexander and Prior, 1971). Sand bodies with sharp base and FU trend are interpreted as crevasse channel deposits (Singh, 1972), while those with a gradational lower boundary and CU trend reflect crevasse splay deposits. The upward increase in grainsize reflects progressive breach of the channel levee, accompanied by splay development.

Well-drained Floodplain
This facies association (WDF in Fig. 1) consists of consolidated varicolored silts and clayey silts, with rare intercalations of sandy silts. Silt and clay layers frequently exhibit reddish and black coatings from iron and manganese oxides and hydroxides, respectively, along with rare root remains. Weakly developed paleosols occur at particular stratigraphic levels: they consist of upper dark, decarbonated horizons rich in organic matter and underlying very light horizons due to abundant carbonate concretions. Rare opercula of continental gastropods have been locally observed. Maximum thickness is about 13 m.
This facies association is interpreted as deposited in a low-energy continental environment dominated by suspension fall-out processes, with rare episodes of bedload traction (Collinson, 1978). The segregation of iron and manganese oxides in the form of stains or concretions indicates alternating oxidizing and reducing conditions related to episodic or seasonal groundwater saturation of the vadose zone. The presence of roots and the abundance of mineralized organic matter and carbonate concretions are typical of weakly developed paleosols (Inceptisols) and provide evidence of subaerial exposure (Buol et al., 2011). Overall, this facies association is representative of distal overbank deposition within a well-drained floodplain, characterized by a relatively low water table. The stacking of paleosol-bounded packages of clayey silt suggests the alternation of river flood episodes (resulting in the inundation of the floodplain) and phases of very limited or no terrigenous input with soil development. 

Swamp
This facies association (SW in Fig. 1) is well developed in the northern sector of the study area, where it commonly reaches thicknesses up to 7 meters. It consists of plastic clayey silts and silty clays with abundant wood and vegetal fragments. Peat beds and fragments of shells of freshwater species have been locally observed.
The fine grainsize of this facies association suggests accumulation in a distal alluvial environment. The preservation of organic matter indicates waterlogging (Richardson and Vepraskas, 2001). We thus argue that this facies association accumulated in swamps developed in topographically depressed areas between fluvial ridges.

Poorly drained Floodplain
This facies association (PDF in Fig. 1), usually sandwiched between well-drained floodplain and swamp facies associations, consists of poorly consolidated clayey silts and silty clays, with a uniform light gray color. Thickness is generally < 4 m. These deposits are not associated with paleosols and contain only rare carbonate concretions. Sparse vegetal remains are locally observed.
The sedimentological characters of this facies association and facies relationships suggest accumulation in an alluvial environment characterized by high groundwater table, at the floodplain-to-swamp transition.
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