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Abstract

:

Understanding Quaternary dynamics of delta-coastal plains across multiple glacial-interglacial cycles in the Milankovitch band (~100 kyrs) is crucial to achieve a robust evaluation of possible environmental response to future climate-change scenarios. In this work, we document the long-term bio-sedimentary record of core 204 S16 (~205 m long), which covers a wide portion of the post-MPR (Mid-Pleistocene Revolution) interval, taking advantage of the highly subsiding context of the SE Po Plain (NE Italy). Detailed facies characterization through an integrated sedimentological and meiofauna (benthic foraminifers and ostracods) approach allowed for the identification of a repetitive pattern of alluvial deposits alternating with four fossiliferous, paralic to shallow-marine units (Units 1–4). The transgressive surfaces identified at the base of these units mark major flooding events, forced by Holocene (Unit 4), Late Pleistocene (Unit 3) and Middle Pleistocene (Units 1, 2) interglacials. Distinct stratigraphic patterns typify the Middle Pleistocene interval, which includes coastal-marine (tidal inlet and bay) deposits. In contrast, lagoonal sediments record the maximum marine influence in the Late Pleistocene-Holocene succession. As a whole, the meiofauna tracks a regressive trend, with the deepest conditions recorded by the oldest Unit 1 (MIS 9/11 age?).
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1. Introduction


Deltas and coastal plains are complex depositional systems that include a variety of mutually linked environments. These regions are sensitive to regional controls, including climate and relative sea level (RSL) conditions, but also to local factors, such as river dynamics, subsidence rates, inherited morphologies and human activities. All these processes operate over a wide range of time scales [1,2,3,4,5]. Under the threat of Global Change, these low-lying areas are highly exposed to severe flooding, territory loss and damage of ecosystems [6,7,8], making urgent a robust evaluation of the present-day state of health through monitoring techniques [9,10,11,12] and a correct quantification of the environmental-ecological quality status [13,14,15,16,17]. However, an improved comprehension of the depositional-environmental responses to external factors through time and space is key to produce reliable projections and conservation-restoration strategies [18]. In this scenario, only the geological perspective can furnish a long-term view on coastal and fluvial dynamics and associated forcings. Specifically, the Quaternary record represents an exceptional archive of information being only partially affected by tectonics or diagenetic processes. During the last decade, many stratigraphic-based, multiproxy studies on the Quaternary sedimentary successions of the Mediterranean plains have documented the essential role of integrating bio-sedimentary approaches (for instance, combined malacofauna, meiofauna and palynological analysis) to track environmental changes and depositional trends. In particular, the feasibility of radiocarbon dating, and the relatively easy recovery of undisturbed, continuously cored successions allowed the detailed exploration of the Holocene record. The resulting data highlight the predominant influence of RSL rise during the Early Holocene, whereas short-term oscillations in climate, river flow regime and human impact seem to have been the main drivers of change under Mid-Late Holocene highstand conditions ([19,20,21,22,23] among others). Expanding the observation back to the beginning of the Late Pleistocene (ca. 130 kyrs BP), the depositional architecture preserved beneath the Mediterranean coastal plains seems to reflect the well-known 100 kyrs glacio-eustatic cyclicity (MISs 5–1). Nevertheless, river incisions driven by the last glacial RSL fall [24] can make the Pleistocene record strongly fragmented and difficult to be resolved especially under low subsidence rates and complex tectonic settings [25,26,27,28,29].



Despite the importance to improve our knowledge about the effects of consecutive, multiple glacial-interglacial cycles on coastal plains, scarce attention has been paid to the pre-MIS 5 deposits so far. To the best of our knowledge, facies-based stratigraphic analyses of Mediterranean successions encompassing hundreds of thousands of years are few and mostly located in the N Adriatic area–NE Italy (Po Plain and Venice Lagoon–Figure 1; [30,31,32,33,34]), where a relatively thick Quaternary record occurs due to favourable tectonic conditions. In particular, the southern portion of the Po coastal plain (Figure 1) represents a suitable candidate for long-term palaeoenvironmental studies, because: (i) it belongs to a rapidly subsiding basin (Po Basin: up to 2.5 mm/yr over the last 1.43 Myr; [35]), that hosts a stratigraphically expanded Quaternary succession [36,37], and (ii) a set of ~200 m long continuous cores has been recovered during the drilling campaign promoted by the Geological Survey of Regione Emilia-Romagna, contributing to the Geological Map of Italy at 1:50,000 scale (CARG Project).



This work aims to provide a bio-sedimentary record of the palaeoenvironmental dynamics affecting the SE Po Plain over a wide portion of the post-MPR (Mid-Pleistocene Revolution) interval, typified by the 100 kyrs glacio-eustatic cyclicity (last ~ 600 kyrs; [38]), through the integrated analysis of a ~205 m-thick cored succession (core 204 S16; Figure 1). Taking advantage of the high degree of preservation potential of the Po Basin, specific objectives are: (i) to furnish new insights about the evolution trends of rapidly subsiding coastal areas under the forcing of consecutive climate-RSL oscillations via facies analysis, and (ii) to reconstruct and compare long-term changes as recorded by palaeocommunities (i.e., benthic foraminifers and ostracods) along a stratigraphic profile covering hundreds of thousands of years.




2. Study Area


2.1. Geological Context


The Po Plain is one of the most extensive (~48,000 km2 wide) alluvial-coastal plains in the W Mediterranean area. It is fed by the Po River (~690 km long; [41]), which currently forms a wide multi-lobe delta system on the N Adriatic platform (Figure 1), and to a lesser extent by N Apennine rivers. The Po Plain represents the surficial expression of the peri-sutural basin (i.e., Po Basin) bounded by two mountain chains, the Southern Alps to the North and the Northern Apennines to the South (Figure 1). These orogens developed in the context of the convergence between the European and African plates since the Cretaceous [39,42]. Below the southern Po Plain, geophysical studies documented the presence of buried structures belonging to the frontal thrust system of the Northern Apennines [43]. The Ferrara arc, which affects the SE portion of the Po Plain (Figure 1), is considered to have been tectonically active since the Early Pliocene [44]. Because of its complex structural framework, vertical displacement rates strongly vary across the plain with maximum subsidence values estimated far away from the anticline culminations [45]. Bruno et al. (2020) [46] argued that buried Apennines thrust-related folds have mainly controlled the spatial distribution of subsidence rates over the last 120 kyrs in the southern Po Plain, with the secondary contribution of sediment compaction due to highly compressible depositional facies (e.g., prodelta, lagoon and swamp muds).




2.2. Stratigraphic Setting


The thickness of the Pliocene-Quaternary sedimentary infill of the Po Basin commonly ranges between few hundreds of meters in correspondence of the buried anticlines to 6–8 km in the depocenters (e.g., [43,44,47]). In the eastern part of the Po Plain, south of the Po River, seismic profiles and deep wells drilled for hydrocarbon exploration documented (Figure 1 and Figure 2a): (i) a decreasing tectonic deformation from Pliocene to Quaternary deposits, (ii) the occurrence of six third-order depositional sequences (sensu [48]) bounded by regional, tectonic-driven unconformities (named A–F in Figure 2a; [49]), and (iii) an overall regressive trend from deep-sea to continental deposits [50]. Specifically, deep-marine deposits, mainly Late Miocene–Pliocene in age (e.g., [36,50]), were replaced by coastal (Qm in Figure 2a) and continental (Qc in Figure 2a) sedimentation during the Pleistocene [49,51]. This stratigraphic architecture documents an overall tectonic control on the Po Basin infilling (e.g., [43,51]). The uppermost part of the succession (up to hundreds of meters thick), composed of Middle Pleistocene to Holocene deposits (Qc in Figure 2a) shows the cyclic alternation of alluvial and subordinate shallow-marine-paralic deposits in the distal sector of the plain [52,53]. Detailed studies on the uppermost ~100 m of the Po sedimentary succession [27] highlighted the development of two coastal wedges, forming the transgressive + highstand systems tracts (TST + HST; Figure 2b) chronologically assigned to MIS 5e (around 100–130 m below sea level-bsl) and MIS 1 (uppermost 30 m) by means of absolute ages (14C, Optically Stimulated Luminescence-OSL and Electron Spin Resonance-ESR ages; [29]). Prominent Transgressive Surfaces (TSs) mark the base of these coastal bodies, separated by a tens m-thick succession of alluvial deposits corresponding to the falling-stage and lowstand systems tracts (FSST + LST; Figure 2b). Integrated pollen data from selected cores (223 S17 and 240 S13 in Figure 1 and Figure 2b) point to a predominant glacio-eustatic control at a Milankovitch-scale (100 kyrs ciclicity). Indeed, transitional-shallow marine deposits invariably formed under interglacial conditions (i.e., high AP-Arboreal Pollen/NAP-Non Arboreal Pollen ratio), while alluvial deposits developed under glacial conditions (i.e., low AP/NAP ratio; [5,52,54]). A few studies investigated in detail the pre-MIS5e record [30,53,55], however chronologic attribution and stratigraphic correlations of these deposits remain rather uncertain across the Po Plain.





3. Materials and Methods


Integrated sedimentological and palaeobiological (benthic foraminifers and ostracods) analyses were undertaken on a long-cored succession (~205 m) recovered ~2 m below the sea level in the southern Po coastal plain (204 S16 core in Figure 1), by a continuous perforating system that guaranteed an undisturbed stratigraphy and a high recovery percentage (>95%). Core 204 S16 was drilled during the production of the Sheet 204-Portomaggiore (CARG Project; [56]). Its location, ~15 km inland the innermost outcropping beach-ridges archaeologically dated to the pre-Etruscan times (>2800 years BP from [40]; Figure 1), determined a high variability of lithofacies as interpreted by [29] for the uppermost 140 m. In this work, we additionally analysed the lower portion of the core, providing detailed bio-sedimentary data for the entire succession. The original description of core stratigraphy is available in the Emilia-Romagna Geological Survey database (Emilia-Romagna Geological, Seismic and Soil Survey, Geological cartography webgis; [57]); it includes data about sediment grain size, colour, type of contact between lithofacies and accessory elements, such as mollusc shells, peaty horizons, root traces and pedogenic features (i.e., carbonate nodules). Pocket penetrometer (PP) values are also available for the fine-grained intervals in the uppermost 100 m, furnishing information about their consistency.



Samples for micropalaeontological analyses were collected throughout the entire succession in order to characterise all the lithofacies. We mostly focused on fine-grained deposits, where the presence of other fossil remains, organic-rich layers or the stratigraphic position were suggestive of an abundant, autochthonous meiofauna. Thirty-nine samples with a weight of ~150 g were selected and treated following the standard method reported in [58] and other reference works of the study area. The procedure involved: (i) sediment oven-drying for 8 h at 60 °C; (ii) soaking in water; (iii) wet-sieving at 63 µm (240 mesh) and (iv) oven-drying again. After a preliminary screen of the obtained residue under a binocular microscope, 10 out of the 14 samples containing abundant and well-preserved meiofauna were treated with carbon tetrachloride (CCl4) to separate foraminiferal tests through flotation and facilitate quantitative analyses. Sediment (both the floated and the heavy fractions) was dry sieved at 125 µm and divided through a microsplitter into small proportions, including at least 250 benthic foraminifers that were picked and identified; otherwise, the entire residue was analyzed. Ammonia tepida and Ammonia parkinsoniana were counted together. Benthic foraminifer counts are reported in Table S1 of the Supplementary Materials. Then, the light (floated) fraction was added to the heavy residue including grains and most of the ostracod valves, to perform a semi-quantitative observation of the ostracod fauna in relation to the abundance of benthic foraminifers and sedimentological characters of the sample (Table S2 of the Supplementary Materials). Ostracod data were expressed following three categories of relative abundance (abundant ≥ 30%, common 10–30%; scarce ≤ 10%). Identification of taxa was supported by original descriptions [59,60], as well as key works on benthic foraminifers and ostracods from modern settings [61,62,63,64,65,66] and late Quaternary coastal successions of the Mediterranean area [67,68,69]. The micropalaeontological samples are housed in the Department of Biological, Geological and Environmental Sciences of the University of Bologna.



In order to better highlight and compare palaeoenvironmental changes throughout the core profile, benthic foraminifers and ostracods were assigned to ecological groups, on the basis of autoecological characteristics and distribution from modern Mediterranean environments (e.g., [64,70,71,72,73] and references therein). In particular, benthic foraminiferal groups were defined mostly focusing on works of the North Adriatic area and considering environmental preferences of taxa in the microtidal Mediterranean setting. The groups are: (i) shallow marine; (ii) lagoon to shallow marine; (iii) lagoon and (iv) intertidal–salt marsh. Salinity is recognised as the main driving factor of ostracod communities [23,74] from continental to coastal settings. It was applied to determine the main ostracod ecological groups as follows: (i) freshwater to low brackish; (ii) brackish-marine; (iii) euryhaline and (iv) shallow marine. Ecological attributions of individual taxa are reported in Tables S3 and S4 of the Supplementary Materials. Refined palaeoecological interpretations of taxa assemblages were obtained by integrating additional papers on the Mediterranean area [75,76].



The cored succession lacks absolute age dating. The chronological framework of the uppermost ~100 m, however, takes advantage from the basin-scale stratigraphic correlations reported in [29]. The lack of unequivocal stratigraphic markers and the complex tectonic setting prevent detailed correlation with published data [30,53] for the lower portion of the core (>100 m core depth).




4. Results


Within the ~205 m-long succession of core 204 S16, nine major facies associations were identified through the integration of sedimentological features, meiofauna content and geotechnical (PP) data (Figure 3). Facies description and interpretation of depositional environments, ranging from alluvial to shallow-marine systems, are reported below. Our interpretations also benefit from the detailed facies characterization of the uppermost 100 m of sediments buried beneath the southern Po coastal plain, reported by [21,77,78].



4.1. Fluvial-Channel Facies Association (Fch)


4.1.1. Description


This facies association is recorded at various stratigraphic intervals throughout the cored succession. It is composed of ~3 to 15 m-thick, grey to dark grey sandy bodies (from fine to coarse sand) with a sharp lower boundary. The upper boundary is either sharp or transitional to the overlying muddy deposits. Sedimentary structures are not detected. A fining-upward (FU) grain-size trend culminating in a silty sand-sandy silt interval slightly enriched in decomposed organic matter (OM) is locally recorded. Vegetal remains, wood fragments and few shells or fragments of gastropods commonly occur. The meiofauna is absent. Scattered carbonate nodules typify the silty intervals atop the sandy successions.




4.1.2. Interpretation


The distinct lithological-sedimentological features, including granulometry, thickness, vertical grain-size variations (FU) and the sharp (likely erosional) lower boundary, accompanied by the absence of meiofauna point to a sandy fluvial-channel facies association. The occurrence of vegetal-wood debris and scattered mollusc fragments is a common feature of channel deposits [78]. Atop FU successions, silty intervals with carbonate nodules and organic materials may reflect the gradual abandonment of the channel.





4.2. Levee and Crevasse Facies Association (Le-Cr)


4.2.1. Description


This facies association, encountered at various core intervals, includes m-thick, grey-dark grey sediment bodies composed of: (i) cm to dm alternation of silt-sandy silt and silty sands deposits with the occasional presence of coarser (i.e., fine to medium sands) layers, for a total thickness of ~2–10 m, or (ii) FU or CU (coarsening upward) sand-silt successions, less than 2 m thick. FU successions have sharp lower boundaries. Silty layers locally include carbonate nodules and rootlets. Thin organic-rich layers are common. Mollusc fragments are scattered and the meiofauna is absent.




4.2.2. Interpretation


Lithological-sedimentological features indicate a channel-related depositional environment subject to overflow events and, occasionally, OM accumulation likely favoured by the development of local depressions in proximity of the river axis. Specifically, sand-silt alternations could reflect levee deposits and/or the distal fringes of a crevasse splay, while FU/CU sandy bodies likely correspond with crevasse channels/splays. The occurrence of carbonate nodules and the absence of the meiofauna support this interpretation, pointing to a subaerially exposed environment, characterised by frequent water table variations.





4.3. Floodplain Facies Association (Fdp)


4.3.1. Description


Grey to darkish grey clay-silt deposits of variable thickness (~2–10 m) with carbonate nodules and scattered Fe-Mn oxides characterise this facies association, recorded at various stratigraphic levels along the core. Locally, dm to cm-thick silty sand layers occur as well as sparse vegetal remains, thin OM-enriched layers, mollusc shells (i.e., gastropods) and fragments. PP values are commonly >2 kg/cm2 with peaks > 5 kg/cm2 especially where muds exhibit abundant carbonate concretions. The meiofauna is generally absent, with the exception of two stratigraphic intervals in the uppermost portion of the core (between ~28–25 m and ~22–21 m core depth), where a quite rich ostracod fauna dominated by Pseudocandona ex gr. albicans and characterised by the subordinate occurrence of Candona ex gr. neglecta, Cyclocypris spp. and Ilyocypris spp. is found. These intervals also show PP values <2 kg/cm2.




4.3.2. Interpretation


Based on the dominance of muds and the diffuse presence of pedogenic features, this facies association is interpreted to reflect a low-energy alluvial setting, such as a floodplain, only occasionally affected by overflow events physically recorded by silty sand layers. Well-drained conditions can be associated to the intervals barren of meiofauna and showing high consistency; peaks >5 kg/cm2 with abundant carbonate nodules are interpreted as pedogenized horizons/weakly developed palaeosols [79,80]. Lower PP values paralleled by the occurrence of an autochthonous hypohaline ostracod fauna point to a poorly drained floodplain with ephemeral ponds. This interpretation is further supported by the high abundance of ostracods preferring shallow, standing waters, such as P. ex gr. albicans [65,81].





4.4. Swamp Facies Association (Sw)


4.4.1. Description


This facies association, encountered at various stratigraphic intervals, is 1–6 m thick and it is typified by two distinct fine-grained lithofacies: (i) dark grey silt-clay deposits with subordinate sandy silts and fine sands forming thin (cm to dm-thick) layers, and (ii) dark peaty clays. The former lithofacies is characterised by very soft deposits typified by low PP values, commonly <1 kg/cm2, in the uppermost part of the succession (<35 m core depth). PP values increase with depth, as testified by the OM-enriched interval recovered around 90 m (2.7 kg/cm2). Abundant plant and wood debris, mollusc shells (i.e., gastropods belonging to genera Planorbis and Bithynia) and fragments are frequently recorded. Few carbonate nodules can occur. Locally, a rich ostracod fauna composed of abundant P. ex gr. albicans and abundant to scarce C. ex gr. neglecta is found, with the second-level occurrence of Cyclocypris spp., Ilyocypris ssp. and/or Darwinula stevensoni. Very few specimens of Ammonia tepida were recorded within one sample collected at ~92 m core depth. The peaty lithofacies is almost entirely composed of vegetal remains with the occurrence of few mollusc fragments and/or carbonate nodules. Samples are barren or display an ostracod fauna including P. ex gr. albicans with subordinate C. ex gr. neglecta and Ilyocypris spp. This lithofacies typifies the uppermost 5 m of the core, where extremely low (0.2 kg/cm2) PP values are recorded.




4.4.2. Interpretation


The dominance of a muddy sedimentation paralleled by the accumulation-preservation of abundant vegetal remains, the local occurrence of an autochthonous hypohaline ostracod fauna preferring stagnant waters and low oxygen (mainly P. ex gr. albicans; [65,81]) and the generally low consistency point to a paludal environment deprived of any obvious marine influence, such as a swamp. The local record of few tests of the euryhaline A. tepida [82] is suggestive of coastal wetlands proximity. The peaty lithofacies likely indicates higher levels of the water table and the development of extensive swampy areas in the plain [83]. Sparse carbonate nodules reflect local groundwater-table fluctuations.





4.5. Lagoon Facies Association (Lg)


4.5.1. Description


This few-m thick (1–5.5 m) facies association, recorded at distinct core depths, is composed of grey-dark grey clayey silt to sandy silt deposits, with local CU trends and abundant mollusc fragments and shells, mainly represented by Cerastoderma glaucum. Scattered vegetal remains and decomposed OM occur, as well as cm to dm-thick sandy layers. The PP values vary between 2.8–2.2 kg/cm2 at remarkable core depths (between ~90–86 m and ~80–76 m core depth), but they drop to 0.5 kg/cm2 between ~11–5 m core depth. Samples from this facies association commonly display a quite rich, autochthonous meiofauna composed of both ostracods and benthic foraminifers. The ostracod fauna is dominated by the euryhaline species Cyprideis torosa, locally associated with a set of brackish-marine taxa, such as Cytheromorpha fuscata (co-dominant with C. torosa in one sample), Loxoconcha elliptica, Xestoleberis dispar and Leptocythere species (mainly L. ex gr. castanea). Marine species, mainly represented by Pontocythere turbida and Semicytherura incongruens, are secondarily recorded within one sample collected at ~201 m core depth. This sample also includes a highly diversified benthic foraminiferal assemblage with abundant Ammonia tepida and Ammonia parkinsoniana (~30%), known to proliferate in transitional and nearshore environments subject to river discharge [66], and subordinate shallow marine taxa, including Siphonaperta spp. (~17.5%), Ammonia beccarii (~10.5%) and Cribroelphidium lidoense (~6%), among others. All the other samples containing foraminifers are almost entirely composed of A. tepida and A. parkinsoniana (~95–75%), with the second-level occurrence of species typically thriving brackish, semi-protected environments, such as Haynesina germanica (~2–15%) and Cribroelphidium oceanense (<6%) [68,69,70].




4.5.2. Interpretation


Sedimentological features (e.g., grain-size, thickness) and the particular fossil content, mainly typified by taxa (i.e., A. tepida, A. parkinsoniana, C. torosa, C. glaucum) proliferating within Mediterranean coastal basins able to tolerate brackish and schizohaline conditions [82,84], suggest a semi-protected, back-barrier environment, such as a lagoon. Specifically, the secondary species accompanying C. torosa, A. tepida and A. parkinsoniana are indicative of central lagoon conditions with a reduced sea-water exchange (sensu [71]). An exception is the sample at ~201 m core depth that records an outer lagoon sub-environment subject to a higher sea-influence, as testified by the more diversified meiofauna including typical shallow marine ostracods and benthic foraminifers [63,82]. The local increase in sand content (i.e., sandy layers; CU trends) likely reflects the occurrence of high-energy events, potentially linked to the activity of sea or river currents in a lagoon.





4.6. Flood-Tidal Delta Facies Association (Ftd)


4.6.1. Description


A ~5 m-thick, grey sand-silty body showing a roughly CU trend and abundant vegetal remains characterises this facies association, exclusively recorded between ~81–86 m core depth. Few mollusc fragments are also encountered. The meiofauna is composed of rare A. tepida and A. parkinsoniana accompanied by several valves of C. torosa and C. fuscata, which co-dominate the ostracod fauna. Few poorly preserved tests of H. germanica and valves of Pseudocandona also occur.




4.6.2. Interpretation


Sedimentological features and meiofauna content suggest a back-barrier (brackish) depositional setting subject to moderate levels of energy at the bottom. The remarkable abundance of the silt fraction and vegetal remains, the CU trend and the occurrence of a mesohaline species (C. fuscata; [61,82]) commonly found in association with the euryhaline C. torosa within tidal-influenced sub-environments [85,86] point to a flood-tidal delta, likely its distal fringes. This interpretation is consistent with the occurrence of scattered valves of hypohaline ostracods.





4.7. Tidal Inlet Facies Association (TIn)


4.7.1. Description


This facies association, exclusively recorded between ~144–135 m core depth above lagoon deposits, is composed of a m-thick, massive, grey sand body showing a sharp base and a marked FU trend from coarse to silty sands. Atop the succession, thin OM-enriched layers occur; abundant mollusc shells, mainly C. glaucum and Pectinidae, typify the entire sandy deposit. A rich, quite diversified foraminiferal assemblage is encountered with abundant A. tepida and A. parkinsoniana (~60%) accompanied by marine taxa, such as A. beccarii (~16%), miliolids (for instance, Adelosina spp. and Miliolinella spp., ~5% in total) and the epiphytic Buccella granulata (~2%), as well as the brackish species H. germanica (~1%). Species able to thrive both transitional and shallow marine settings as Quinqueloculina seminula (6%) are also encountered. Among ostracods, few valves of the euryhaline C. torosa and shallow-marine Pontocythere turbida are recorded.




4.7.2. Interpretation


This facies association is inferred to have been deposited in a high-energy setting under the action of sea currents, as testified by the coarse grain-size and the fossil content typified by the occurrence of marine taxa, such as A. beccarii, B. granulata, Pontocythere turbida. Sedimentological features including thickness, grain-size trend and the sharp lower boundary, interpreted as erosive, integrated with the stratigraphic position and the mixed marine-brackish fauna point to a channel-fill succession developed at the transition between a back-barrier basin and the open coast, possibly a tidal inlet or a major tidal channel [87,88]. A similar foraminiferal assemblage characterises the tidal inlets of the Venice lagoon [64]. The scarcity of ostracod valves is consistent with this interpretation, as high hydrodynamic conditions represent a limiting factor for ostracod communities [74]. The occurrence of organic-rich layers atop the sandy succession points to the deactivation of the inlet.





4.8. Beach Ridge Facies Association (BRi)


4.8.1. Description


A ~6 m-thick sand body composed of grey fine-medium to coarse sands organised into a CU trend characterises this facies association, exclusively encountered between ~183–177 m core depth above a muddy succession including marine molluscs. Scattered vegetal fragments and mollusc fragments are found. Thin (cm-thick) silty layers occur and a coarse-sand, organic-rich interval caps the sandy succession. The meiofauna is absent.




4.8.2. Interpretation


Sedimentological features and the stratigraphic position of this facies association point to a high-energy, coastal environment, such as a beach ridge. The accumulation of OM atop the sandy succession likely reflects the transition to a backshore swale.





4.9. Bay Facies Association (Bay)


4.9.1. Description


This facies association corresponds to a ~18 m-thick grey silt-sand body, showing an overall CU trend with basal silty sands (~201–190 m core depth) passing upward to fine sands (~190–183 m core depth). Mollusc shells (marine bivalves and gastropods), mollusc and echinoderm fragments, vegetal remains and wood debris are commonly encountered. A rich and highly diversified meiofauna typifies the lower silty portion. Among benthic foraminifers, Ammonia species, including A. tepida and A. parkinsoniana (~16–89%) and A. beccarii (~2.5–55%), are the dominant taxa with the second-level occurrence of Q. seminula (~3–20%) and locally of other miliolids as Siphonaperta spp. (<8%), Triloculina spp. (<5%), Adelosina spp. (<2.5%) and Miliolinella spp. (<2%). Few specimens of Cribroelphidium spp., mainly C. poeyanum (<3%) and C. granosum (<2%), also occur. Specifically, an overall decreasing-increasing trend of A. tepida and A. parkinsoniana is paralleled by an opposite trend of A. beccarii and, to a lesser extent, of Q. seminula. Other miliolids and hyaline epiphytic taxa, including Asterigerinata mamilla, B. granulata and Rosalina bradyi, are almost exclusively recorded within the lowermost interval of the silty succession (~200–195 m core depth), where a diversified marine ostracod fauna is found. Common valves of Pontocythere turbida and Loxoconcha ex gr. rhomboidea are here associated to Sagmocythere napoliana, Palmoconcha turbida, Carinocythereis whitei, Cytheridea neapolitana and Semicytherura species (mainly S. incongruens). Few valves of the brackish-marine Loxoconcha stellifera, Leptocythere bacescoi and Leptocythere ramosa also occur. Upwards (~195–190 m core depth), ostracods show a marked decrease in terms of abundance and taxa, as few valves of Pontocythere turbida and Leptocythere species are found along with the local appearance of C. torosa.



The uppermost sandy portion of this facies association (~190–183 m core depth) is almost barren in meiofauna with the exception of few specimens of A. tepida and A. parkinsoniana and the nearshore ostracod Neocytherideis subulata.




4.9.2. Interpretation


The sedimentological features and the particular meiofauna content, typified by the dominance of shallow-marine taxa with the second-level occurrence of brackish-marine ostracods and benthic foraminifers able to thrive river-influenced settings (A. tepida, A. parkinsoniana and Q. seminula), point to a partially sheltered basin with salinity close to marine values, such as a bay/gulf. The stratigraphic distribution of Ammonia species (A. tepida, A. parkinsoniana versus A. beccarii), miliolids and hyaline epiphytic taxa reflects an upward increase in river influence paralleled by a shallowing trend, also highlighted by the sand content. Changes in the ostracod fauna composition (i.e., appearance of Leptocythere species and C. torosa) and structure (i.e., decrease in species richness and absolute abundance) support this interpretation. The uppermost sandy portion is interpreted to record an approaching shoreline.






5. Discussion


5.1. Core Stratigraphy and Bio-Sedimentary Trends


The integrated stratigraphic analysis and detailed facies characterization of core 204 S16 allow the robust identification of alternating paralic to shallow-marine—alluvial deposits within a significant portion of the Quaternary record (Figure 1 and Figure 3). Four fossiliferous statigraphic units composed of swamp/lagoon to bay sediments are identified via meiofauna analyses at ~201–177 m; 147–135 m; 92–76 m and 15–0 m core depth (Units 1–4 in Figure 3). Published chronological data and stratigraphic correlations across the study area constrain the two youngest units (Units 3, 4) to the last 125–130 kyrs, whereas Units 1 and 2 can be attributed to the Middle Pleistocene in a general way only [29,37]. These units are sandwiched between sedimentary successions tens of m thick, almost deprived of body fossils and formed by a variety of coarse-grained (fluvial channel) to fine-grained (overbank) alluvial facies associations, locally interrupted by swampy deposits containing at most hypohaline ostracods (mainly P. ex gr. albicans, Figure 3).



The lowermost fossiliferous unit (Unit 1), superposed onto swamp deposits barren of meiofauna at the base of the cored succession, displays a remarkable thickness (~25 m) and an obvious deepening-shallowing trend (Figure 3). Outer lagoon muds including both species tolerant to low, variable salinities (e.g., A. tepida, A. parkinsoniana and C. torosa) and marine taxa (e.g., A. beccarii, Siphonaperta spp., B. granulata, Pontocythere turbida, Semicytherura spp.) are abruptly overlaid by bay deposits, typified by an abundant shallow marine fauna mainly composed of A. beccarii, miliolids, Pontocythere turbida and L. ex gr. rhomboidea. Such an assemblage, characteristic of coarse-grained substrates covered by vegetation, points to water depths <10–15 m [89,90] marking the maximum marine ingression into a coastal embayment. The upward increase of A. tepida, A. parkinsoniana and the renewed occurrence of the euryhaline C. torosa (around 195 m core depth), accompanied by a less diversified and scarce ostracod fauna, record the progressive fill of the bay via coastline progradation, up to the establishment of a beach-ridge complex at the core site (Figure 3). Upwards, a predominantly fine-grained succession of swamp deposits, locally interrupted by 3.5 m-thick fluvial-channel sands, occurs up to ~165 m. The meiofauna suggests here a depositional setting deprived of any significant marine influence pointing to an abrupt seaward migration of facies that culminates with the deposition of sterile overbank sediments, truncated atop by a 7.5 m-thick fluvial channel deposit.



The superposition of ~3 m of lagoonal silts and sands (~147–144 m core depth; Figure 3) marks the lower boundary of the second fossiliferous unit (Unit 2). The brackish assemblage (A. tepida, A. parkinsoniana, H. germanica, C. oceanense and C. torosa) typical of a central lagoon basin is suddenly replaced by a more diversified, marine-brackish meiofauna found within the overlying tidal inlet sands (Figure 3). Specifically, the decrease in relative abundance of lagoonal species (H. germanica, C. oceanense) paralleled by the appearance of miliolids and littoral-sublittoral species, such as Pontocythere turbida and A. beccarii, records a marine flooding and the approaching of the palaeoshoreline at the core site. Around 135 m core depth, subaerial conditions suddenly re-established as revealed by the development of a ~40 m-thick alluvial succession, mainly composed of overbank deposits and fluvial-channel sands, both barren in meiofauna. However, a 2 m-thick peaty swamp containing freshwater to mesohaline ostracods (i.e., P. ex gr. albicans, C. ex gr. neglecta and Ilyocypris spp.; Figure 3) is found around 127 m core depth, possibly indicating the widespread development of wetlands in the study area. The upper half portion of the alluvial succession includes a ~15 m-thick sandy deposit interpreted as a channel-belt, overlaid by stiff (PP > 5 kg/cm2) and most likely pedogenised levee-crevasse and floodplain sediments. Upwards, around 90 m core depth, the vertical succession of swamp-lagoon muds typifies the lower portion of the third fossiliferous unit (Unit 3) entirely composed of paralic deposits (Figure 3) and chronologically constrained to the Last Interglacial (~130–125 kyrs BP) by [29]. Above swamp deposits containing a scarce hypohaline ostracod fauna and few A. tepida, an abundant brackish assemblage (A. tepida, A. parkinsoniana, H. germanica, C. oceanense, C. torosa, C. fuscata) marks the establishment of a central lagoon basin with a moderate sea-water exchange. The record of C. fuscata and the superposition of flood-tidal delta silty sands suggest a certain degree of tidal influence in the basin, while the overlying lagoon muds document the re-establishment of low-energy conditions. The decreasing trend in ostracod abundance and richness points to a progressively more confined setting, abruptly followed by alluvial sedimentation around 75 m core depth (Figure 3). Above ~20 m of overbank silt-sand sediments with evidence of pedogenesis atop (PP values 4–5 kg/cm2 around 56–54 m core depth), a ~15 m-thick channel-belt body occurs. Upwards, a thin (~2 m) fine-grained succession composed of swamp sediments with hypohaline ostracods and sterile overbank deposits is truncated by a 6 m-thick fluvial channel deposit, overlaid by ~13 m of floodplain muds locally interrupted by overbank silts-sands. The occurrence of a quite rich, hypohaline ostracod fauna along with low PP values (generally <2 kg/cm2) suggest the establishment of poorly drained conditions in the plain (Figure 3).



Upcore, around 15 m core depth, five meters of swamp muds containing abundant valves of freshwater-mesohaline ostracods (i.e., P. ex gr. albicans and C. ex gr. neglecta) mark the onset of the uppermost paralic unit (Unit 4; Figure 3), chronologically attributed to the Holocene ([29] and references therein). The replacement of hypohaline ostracods by a brackish meiofauna (A. tepida, A. parkinsoniana, H. germanica, C. torosa, L. elliptica and X. dispar) underlines a landward shift of facies, leading to the establishment of a central lagoon basin affected by a moderate sea-water exchange. Within the uppermost portion of the lagoon succession (~7–5 m core depth), a slight increase in the degree of confinement and tidal influence is documented by: (i) the turnover of species accompanying C. torosa (i.e., the polyhaline to euhaline X. dispar is substituted by the mesohaline Leptocythere ex. gr. castanea and the oligo-mesohaline C. fuscata; [63,73,91]) and (ii) the appearance of the intertidal—salt marsh foraminifer Trochammina inflata [92]. This shoaling upward trend culminates with the deposition of 5 m of peaty swamp clays barren in meiofauna and interpreted to reflect freshwater peatlands. These very soft deposits (PP ~ 0.2 kg/cm2) typify the innermost, southern portion of the modern Po delta-coastal plain [93].




5.2. Cyclic Sedimentation during the Middle Pleistocene–Holocene Period: Facies Patterns and Controlling Factors


The cyclic alternation of alluvial and paralic to shallow marine facies associations is a prominent feature of the Quaternary stratigraphy of the long core 204 S16 (Figure 3; Section 5.1). The detailed analysis of the meiofauna associated to the application of ecological groups (Tables S3 and S4) improves the palaeoenvironmental-stratigraphic characterization of the paralic-marine units (Units 1–4), allowing a thorough discussion about facies patterns, age attribution and controlling factors (Figure 3 and Figure 4). Similar to what was observed in other long (>100 m) cores from the study area [27,53], paralic-marine units are invariably bounded at their base by prominent transgressive surfaces (TS in Figure 4) that mark the onset of major flooding events, reasonably driven by positive glacio-eustatic oscillations in the Milankovitch band (~100 kyrs). The youngest two TSs, recorded at ~90 and 15 m core depth, are correlated to two basin-scale transgressive events recognised by [21,29] and related to the onset of the MIS 5e and Holocene (MIS 1) periods, respectively (Figure 4). However, internal facies architecture of Units 1–4 indicates that the SE Po Plain was affected by different dynamics of marine ingression during the last hundreds of thousands of years.



The Middle Pleistocene interval (>125–130 kyrs) was typified by more prominent flooding events than the Late Pleistocene-Holocene, as documented by the onset at the core site of coastal depositional environments, thrived by an abundant and diversified marine to brackish-marine meiofauna (Figure 3 and Figure 4). The deepest conditions (<10–15 m water depths) are recorded within the bay deposits of Unit 1 (~200–195 m core depth), where abundant marine taxa (shallow marine foraminifers >35% and marine ostracods >30%; Figure 4) characterise transgressive deposits. As a whole, the retrogradational to progradational stacking pattern of (outer)lagoon-bay-beach ridge deposits is interpreted to reflect the landward migration of the coastline during a phase of RSL rise, followed by progradation during the subsequent highstand. A similar retrogradational pattern of facies, although diagnostic of lower salinity conditions and water depths, is shown by Unit 2, with (central) lagoon deposits overlaid by tidal inlet sands under the forcing of an increasing RSL trend. The superposition of alluvial deposits onto tide-influenced facies prevents from further inferences in terms of stratal architecture for Unit 2 (Figure 4).



The lack of absolute ages and biostratigraphic markers hampers any confident chronological (MISs) attribution to Units 1–2 as well as any reliable physical correlations with other cores recovering pre-MIS 5e sediments in the Po Plain, especially in inland areas affected by Quaternary tectonic deformations (e.g., [37,43]). However, sedimentological evidence (i.e., the presence of shallow-marine facies in a relatively inland position) suggests the prominent interglacials MIS 11 and MIS 9 (Figure 4), both exceeding the present sea level [24], as the best candidates for Units 1 and 2, respectively. In particular, the remarkable, long-lasting (~30 kyrs) MIS 11 highstand [94,95] fits well with the establishment of an open-bay environment hosting relatively deep waters (Unit 1; Figure 3 and Figure 4). It is not possible to rule out a MIS 7 age for Unit 2, even though the highest RSL values estimated for the Penultimate Interglacial at most coincide with the present sea level [24,96]. Even more challenging is the chronological attribution of the alluvial successions that abruptly overlies Units 1 and 2. These deposits reasonably formed during glacial periods, when the falling RSL trends forced shoreline regression and led to the widespread establishment of continental environments in the study area. Following [29], the 15 m-thick sand body atop the alluvial succession between Unit 2 and Unit 3 is interpreted to reflect the MIS 6 Po channel-belt. However, the detailed chronostratigraphic reconstruction of the pre-MIS 5e deposits buried beneath the Po Plain still remains an open issue that does not fall into the aims of this study.



The Late Pleistocene-Holocene interval is characterised by two Units (3–4) formed on the landward side of beach-barrier complexes (Figure 3 and Figure 4) and separated by a very thick (~60 m) alluvial succession of last glacial age, including the MIS 4 channel-belt (between ~55–40 m core depth from [29]). Both Units 3 and 4 show a retrogradational to progradational stacking pattern of facies that is interpreted to reflect the rising RSL trends and the subsequent highstands of MIS 5e and MIS 1 ages, respectively. Despite the paucity of marine meiofauna (Figure 4), the characteristic facies associations and their vertical succession (swamp-lagoon-flood tidal delta-lagoon for Unit 3; swamp-lagoon-swamp for Unit 4) suggest a more severe marine ingression in the plain during the Last Interglacial. This is in accordance with the estimated MIS 5e RSL, which was significantly higher than the modern one (4–9 m above present sea level; [97,98]) and determined a more landward migration of the shoreline in the study area [29].



Although supporting a predominant glacio-eustatic forcing at the Milankovitch-scale, the cyclic sedimentation patterns of Middle Pleistocene-Holocene age in core 204 S16 display an overall “regressive” pattern that mimics the shallowing-upward trend of the Po Basin fill. Specifically, stratigraphic changes in meiofauna communities progressively track an upward decrease in marine influence within the successive paralic-marine units encountered along the 205 m-long core profile (Units 1–4; Figure 4). Though forcing factors cannot easily be resolved without additional chronological and stratigraphic data and require a full three-dimensional control on facies architecture, the vertical stacking pattern of facies illustrated in this study could reasonably suggest a combined control by Quaternary RSL dynamics and the tectonic evolution of the basin.





6. Conclusions


The vertical stacking pattern of facies associations recorded along core 204 S16, ~205 m long, coupled with stratigraphic trends in meiofauna palaeocommunities, provide new insights about the Middle Pleistocene-Holocene evolution dynamics of the rapidly subsiding Po Plain through the overcoming of a repeated sequence of Milankovitch-scale (~100 kyrs) glacial-interglacial cycles.



We summarise the major results as follows:




	
The long-term bio-sedimentary record of the Po coastal plain reconstructed over a significant portion (last ~300–400 kyrs) of the post-Middle Pleistocene Revolution interval, confirms the pivotal role of glacio-eustatic oscillations on depositional and environmental dynamics.



	
A cyclic sedimentation is highlighted by the alternation of tens m-thick alluvial deposits and paralic to shallow-marine units (Units 1–4). These latter are invariably underlined by prominent transgressive surfaces that mark major flooding events in the plain and the abrupt landward shift of depositional environments. Based on previous stratigraphic reconstructions, the two youngest units (Units 3 and 4) are attributed to the Last Interglacial and to the Holocene, respectively. Therefore, Unit 2 ad Unit 1 are chronologically constrained to the Middle Pleistocene.



	
The strategic position of core 204 S16, well behind the Holocene maximum marine ingression, and the application of an integrated methodology involving meiofauna ecological groups allow reconstructing distinct stratigraphic patterns for the Midde Pleistocene (lowermost ~100 m) and Late Pleistocene-Holocene (uppermost ~100 m) intervals. The former includes coastal to shallow-marine deposits (Units 1, 2), while the latter is typified by the occurrence of back-barrier sediments (Units 3 and 4).



	
The lower portions of Units 1–4 invariably exhibit a retrogradational pattern of facies that tracks the transgression under the forcing of rising sea levels; an evident progradational pattern characterises the upper portions of Units 1, 2 and 4, likely reflecting RSL highstand conditions.



	
The meiofauna tracks the deepest conditions within the oldest Unit 1; the development of a bay, reasonably in response to a prominent rise in RSL, is attributable to MIS 11 or MIS 9.



	
An overall regressive trend is documented within the Middle Pleistocene-Holocene succession of the SE Po Plain, as progressively fewer marine conditions established during interglacials through time, reasonably in response to a complex interaction between glacio-eustatic dynamics and tectonic evolution of the Po Basin over hundreds of thousands of years.
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Figure 1. Location map of the studied core 204 S16 (red dot). The main Alpine and Apennine structures of the eastern sector of the Po Plain (modified from [39]) are reported along with the seismic and stratigraphic profiles showed in Figure 2a,b. Black stars indicate deep (>100 m) continuously cored boreholes cores with pollen data. The orange dotted line corresponds to the innermost outcropping beach-ridges, dated to the pre-Etruscan times (>2800 years BP) [40]. 
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Figure 2. Stratigraphic architecture of the sedimentary infill of the Po Basin. Section traces are reported in Figure 1. (a): interpreted seismic profile showing the Pliocene (P)-Quaternary (Q) depositional sequences, related stratigraphic unconformities (A–F lines) and the major blind thrusts (red lines) as identified by [49]. T.W.T.: two-way travel time. (b): glacio-eustatic driven, cyclic sedimentation pattern of the Po coastal plain over the ~130 kyrs BP, as revealed by the facies architecture of the uppermost ~130 m (from [27]). Red lines highlight the Transgressive Surfaces (TSs) that mark the lower boundary of coastal wedges attributed to the last and present-day interglacials (MIS 1 and MIS 5e, respectively). Coastal wedges include transgressive (TST) and highstand (HST) deposits, while alluvial deposits compose the falling-stage and lowstand systems tracts (FSST + LST). 
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Figure 3. Stratigraphy and facies characterization of the studied core 204 S16. Paralic to marine units rich in meiofauna are highlighted and numbered in stratigraphic order (Units 1–4). Abbreviations of facies associations are explained in text (Section 4). Sedimentological features are reported along with the meiofauna content; samples barren of autochthonous meiofauna are shown on the left. Asterisks mark samples containing less than 100 tests of benthic foraminifers. Relative abundances of main benthic foraminifer taxa are displayed, as well as the vertical distribution of key taxa composing ostracod assemblages (dominant taxa are highlighted in bold). Miliolids and epiphytic species, as A. mamilla, B. granulata and R. bradyi, are not represented in the 0–110 m interval due to their extreme paucity (<1.5%). C: Clay; Si: Silt; S: sand (f: fine, m: medium, c: coarse). 
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Figure 4. Stratigraphic distribution of benthic foraminifer and ostracod ecological groups along core 204 S16. Boundaries of the Units 1–4 are highlighted. TS: Transgressive Surface. The interpretation in terms of Marine Isotope Stages (MISs) is also reported. See the legend and caption of Figure 3 for lithological information. 
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