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Abstract: Evaluating the history of human impacts on marine ecosystems based on sediment cores is challeng-
ing on shelves characterized by very slow sedimentation. To assess the stratigraphic expression of such impacts
in the condensed deposits of an epicontinental sea, we analysed a 3 m-long core collected at 31 m water depth
off the Po prodelta in the Northern Adriatic Sea by integrating geochronological (**C and *'°Pb), sedimento-
logical, geochemical and palaeontological proxies. A depositional history of the last 10 000 years is expressed
in four different facies: (1) alluvial floodplain, (2) transitional, shell-poor silts, (3) a condensed 30 cm-thick shell
lag, and (4) a 10 cm-thick layer of distal prodelta silts comprising the last ¢. 500 years. 10 000-year-old shells of
Lentidium mediterraneum spread over the shell lag and prodelta sediments document onshore transport during
the early Holocene sea-level rise. Varicorbula gibba shells are age-homogeneous within the subsurface shell
lag, documenting decimetre-scale mixing by bioturbation in the past. However, in spite of low sedimentation
rates, the organic and heavy metal enrichment, the increase in proportional abundance of benthic foraminifers
preferring organic-rich sediments (Nonionella sp.), and the increase in size of molluscs (V. gibba) in the upper
10 cm formed by prodelta silts still detect the eutrophication in this region during the twentieth century. These
eutrophication proxies are preserved in the stratigraphic record owing to temporarily increasing sedimentation
rate and decreasing mixing depth.

Supplementary material: Bulk geochemistry data including p-values, Pearson correlation values and PCA
loadings are provided as supplementary material (S1). Furthermore, results of age dating (S2), micro-X-ray fluo-
rescence core scanning (S3), palaeobiological data (species list) (S4) and shell size data of Varicorbula gibba
(S5) are provided as supplementary materials. All files are available at https://doi.org/10.6084 /m9.figshare.c.
6342805

Holocene marine sediments archive sea-level,
oceanographic and ecosystem changes that occurred
since the Last Glacial Maximum in the Late Pleisto-
cene. Therefore, they have the potential to incorpo-
rate signals of human impacts that occurred over
the past centuries and decades (Rabalais er al.
2007; Dolven et al. 2013). The deposition of sedi-
ments on continental shelves depends on the tectonic
setting, climate, and the distance to active sedimen-
tary sources, and can be subjected to sediment
starvation and winnowing, especially during sea-
level rise (e.g. Schlager 1993; Cattaneo and Steel
2003; Follmi 2016). Low net sedimentation rates
lead to stratigraphic condensation and high time-
averaging of sedimentary particles and fossils, com-
promising the temporal resolution of the
stratigraphic record (Kowalewski 1996; Kidwell

2013). These condensation effects can complicate
reconstructions of baseline conditions prior to
human impacts and inhibit inferences about the tim-
ing and rate of ecosystem shifts over the past decades
or centuries (Kosnik ef al. 2007; Tomasovych et al.
2020; Nawrot et al. 2022). Difficulties thus arise
while disentangling the human impact from natural
changes based on the stratigraphic record (e.g.
Wolfe et al. 2013; Fairchild e al. 2019). Regardless
of debates about the formal definition of the Anthro-
pocene (Lewis and Maslin 2015; Gibbard et al.
2022), here it refers to an informal time interval dur-
ing which human activities significantly impacted
biogeochemical cycles, depositional processes, and
ecosystem functioning and ultimately left distinct
signatures of these impacts in the stratigraphic
record.
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Depositional conditions characterized by low net
sedimentation rates can result from (1) alternation of
omission episodes with episodes of relatively faster
sedimentation (leading to stratigraphic increments
with limited time-averaging separated by hiatuses),
or (2) very slow but relatively persistent sedimenta-
tion that can be coupled with intense mixing by bio-
turbation. The first scenario may alter the record of
gradual environmental changes into abrupt strati-
graphic changes in geochemical and biotic proxies
(via hiatuses); whereas the second scenario induces
smearing of initially rapid environmental changes
into more gradual stratigraphic shifts. These scenar-
ios can be distinguished with radiocarbon- or U-
Th-based dating that quantify frequency distribu-
tions of ages of skeletal particles, allowing explicit
estimation of time-averaging and stratigraphic reso-
lution of the Holocene stratigraphic record (Flessa
et al. 1993; Kosnik et al. 2007; Scarponi et al. 2013;
Tomasovych et al. 2014, 2021). Therefore, the use of
chemostratigraphic or biotic proxies for palacoenvir-
onmental reconstructions can be assessed through
analyses of sediments that integrate geochronologi-
cal, geochemical and palaeoecological methods
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Core label: POS514-GC25-5

Coordinates: 44°58.001' N, 012°57.032' E
Sampling date: 06/06/2017

Water depth: 31 m

Core length: 300 cm

Core diameter: 16 cm

(Kowalewski 1996; Patzkowsky and Holland 2012;
Kidwell 2013; Wilkinson et al. 2014; Kuzyk et al.
2015).

In this study, we investigate the Holocene strata
comprising the last ¢. 10 000 years deposited in the
central part of the Northern Adriatic Sea, the north-
ernmost sub-basin of the Mediterranean Sea
(Fig. 1). In contrast to high sedimentation sites
within the mud-belt of the Po Delta (Barmawidjaja
et al. 1995; Scarponi et al. 2013; TomaSovych
et al. 2018), the sampling site is located in the distal
part of the Po prodelta (on the transition to the wave-
dominated shelf segment of the Northern Adriatic
Sea) that tends to be exposed to significant strati-
graphic condensation (Correggiari et al. 1996a;
Picone et al. 2008). The location investigated here
is formed by silty sediments deposited in low-energy
environments well below fair-weather wave base,
situated c¢. 30 km in distance to the Po River mouth
(Fig. 1). This site can differ in its potential to archive
signals of human impacts relative to other condensed
sites with coarser sediments and stronger exposure
to currents in the eastern parts of the Northern
Adriatic Sea (Gallmetzer et al. 2019; TomaSovych

13°E

[\Bei4

El Lagoon / bay / salt marsh "
I:I Beach ridges
I:I Mud belt / prodelta

Transgressive barrier /
relict sand deposits

D Back barrier
I:I Alluvial plain

Fig. 1. Sampling station in the Northern Adriatic Sea. (a) Satellite image of Italy and its surrounding sub-basins of
the Mediterranean Sea. MODIS satellite image (Terra) of the northern Adriatic coast, collected on day 335, 2002, at
1030 Greenwich Mean Time (GMT). (b) Geological map based on maps of the Geological Survey of Italy. Note that
offshore muds cover alluvial and brackish deposits in some parts of the basin, but are not displayed here. Source: (a)
https: //eoimages.gsfc.nasa.gov/images/imagerecords /59000/59211 /Italy.A2002138.1010.250m.jpg; (b) map of
Venice, Trincardi et al. (2002) and map of Ravenna, Trincardi and Argagni (2003).
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et al. 2019; Nawrot et al. 2022). Here, we quantify
the stratigraphic resolution, we measure time-
averaging recorded by skeletal particles, and we
trace stratigraphic signals of human activities based
on geochemical proxies and abundance of molluscs,
foraminifers and ostracods.

The Northern Adriatic Sea provides a good
opportunity for assessing the stratigraphic expres-
sion of marine ecosystems altered by human impacts
because: (1) the basin evolution during the Holocene
is well documented (Amorosi et al. 2008; Trincardi
et al. 2011; Campo et al. 2017); and (2) the strati-
graphic record of human impact during the nine-
teenth and twentieth centuries (with the main
impacts represented by trawling, overfishing, eutro-
phication, and pollution) is well preserved and inde-
pendently documented in cores at sites with high
sedimentation rates at the Po Delta or in the northern
Gulf of Trieste. These core-based studies docu-
mented a major mid-twentieth century shift from
baseline macrobenthic communities with molluscs
and echinoderms sensitive to seasonal oxygen deple-
tion and sediment disturbances towards the states
impacted by hypoxic events, trawling and other dis-
turbances that intensified during the late twentieth
century (Barmawidjaja et al. 1995; Rossi and Vaiani
2008; Vidovic et al. 2016; Albano et al. 2018; Tom-
aSovych et al. 2018, 2020; Gallmetzer et al. 2019;
Salvi et al. 2020; Haselmair et al. 2021).

The Northern Adriatic Sea during the
Holocene

The Northern Adriatic Sea is characterized by a low-
gradient shelf separating the Italian and the Balkan
Peninsulas (Fig. 1). This Mediterranean sub-basin
exhibits geographically variable nutrient supply, pri-
mary productivity, and sedimentation rates (Frignani
et al. 2005; Zuschin and Stachowitsch 2009). On one
hand, sedimentation rate is high close to river-borne
sediment supply in the western parts (¢. 1-2 cma™ !,
Frignani and Langone 1991; Palinkas and Nittrouer
2007; Alvisi 2009; Tomasovych et al. 2018). On
the other hand, much lower net sedimentation rates
characterize the sediment-starved settings in the cen-
tral part of the Gulf of Trieste (<0.3 cm a~" in Ogor-
elec et al. 1991; Novak et al. 2020; and even
<0.01 cma~" in TomaSovych er al. 2019, 2021).
The central portions of the Northern Adriatic Sea,
including our sampling site, are affected by sediment
winnowing induced by high-energy currents, which
are driven by an overall counter-clockwise cyclonic
circulation with a wave-dominated microtidal
regime (Trincardi er al. 1994). In these areas, relict
sediments deposited during the transgressive phase
are often preserved at or just beneath the sediment—
water interface (Picone et al. 2008; Spagnoli et al.
2014; Moscon 2016).

The Northern Adriatic Sea is a young, shallow
shelf sea with the maximum water depth of 50 m
that was formed during the Holocene transgression
(Amorosi et al. 2017). In the early Holocene, the
sea level rose rapidly and in steps during the major
deglaciation phase c¢. 12000 and 7500 years BP
(before present, e.g. Lambeck er al. 2014). Between
10 500 and 9000 years BP, fluvial and coastal envi-
ronments rimmed the northern part of the Adriatic
Basin (Amorosi et al. 2003, 2008). The subsequent
marine flooding of the flat northern Adriatic shelf
led to the formation of barrier-lagoon systems (Fab-
bri et al. 2001; Storms et al. 2008). The maximum
flooding and maximum shoreline ingression
occurred in the Northern Adriatic Sea around 7000
to 5500 years BP (Trincardi er al. 2011; Amorosi
et al. 2017). This phase led to the establishment of
biostromes with epifaunal bivalves along the NE
margin between the Brijuni Islands and the Gulf of
Trieste (Gallmetzer et al. 2019). During the high-
stand phase (<c. 5500 years BP), a progradational
mud wedge sourced by the Po River developed
along the western coast of the Northern Adriatic
Sea (Colantoni er al. 1979; Amorosi et al. 2008;
Rossi and Vaiani 2008). This wedge is deflected
southwards by a counter-clockwise surface current
of the whole sub-basin (Boldrin ez al. 2009). Cur-
rents in the central parts of the Northern Adriatic
Sea thus induce sediment transport and bypassing
leading to very low sedimentation rates and forma-
tion of thin and transient sediment veneers or even
to erosion of older sediments deposited during the
transgressive phase.

The magnitude and geographical extent of human
impacts affecting marine environments in the North-
ern Adriatic Sea, documented by monitoring surveys
and stratigraphic archives (sediment cores) peaked
during the late twentieth century, due to increasing
eutrophication, seasonal deoxygenation, trawling,
overfishing and shellfish exploitation (Crema ez al.
1991; Stachowitsch 1991; Nerlovi¢ et al. 2011;
Giani et al. 2012; Haselmair et al. 2021), and
heavy metal and organic pollution (Frascari er al.
1988; Marchetti et al. 1989; Fabbri et al. 2001; Cov-
elli et al. 2006; Zonta et al. 2018). The Po River is the
major source of nutrients in the Northern Adriatic
Sea; its phosphorus loads lead to blooms of harmful
algae, contributing also to a twentieth century
increase in turbidity (Justi¢c 1988). The high oxygen
consumption by microbial respiration and water-
column stratification led to increased frequency of
mucilage events and seasonal bottom-water hypoxia
or anoxia at depths below the seasonal thermocline
(c. 10-30 m, Degobbis 1989; Faganeli et al. 1991;
Justic 1991). Consequently, mass mortalities, dif-
ferential recovery among benthic taxa, and differ-
ences in their sensitivity to other disturbances left
distinct signatures in sediment cores, archived as
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stratigraphic changes in the taxonomic and func-
tional composition and in size structure of foraminif-
eral or molluscan assemblages (Barmawidjaja et al.
1995; Gallmetzer et al. 2017; TomaSovych et al.
2018, 2021). A decline in the depth of bioturbation
(even when abundance of shallow-burrowing in-
fauna increased), and a loss of epifaunal suspension-
feeders, grazers and browsers were observed in
Holocene sediments at most sites in the Northern
Adriatic Sea (Gallmetzer er al. 2019; Haselmair
et al. 2021). Although an oligotrophication trend
was observed in the Northern Adriatic Sea since
the 1990s (Djakovac et al. 2012), this trend may
not be persistent (Cozzi et al. 2020; Grilli er al.
2020), seasonal hypoxic events still recur in the
Gulf of Trieste (Kralj e al. 2019), and macrobenthic
communities remain dominated by the opportunistic
bivalve Varicorbula gibba in the early twenty-
first century.

Materials and methods

The 300 cm-long gravity core POS514-GC25-5 was
taken during the Poseidon cruise in June 2017 in the
western part of the Northern Adriatic Sea at 31 m
water depth. Its sampling site is slightly off the Po
prodelta, c. 32 km to the East of the Po della Pila
mouth (Fig. 1). The core was cut into four pieces
for better storage. Each piece was split into halves
and opened.

Non-destructive imaging

X-ray computed tomography (CT) has been per-
formed on each core half with a 1 mm down-core
resolution using a Philips (Amsterdam, The Nether-
lands) MX8000 IDT 16 System with 120 kV voltage
and ascanning dose of 314-393 mA. Data were pro-
cessed with Horos v2.0.2 software (Horos Project,
https: //horosproject.org/). Average, minimum and
maximum intensity projection algorithm (AIP,
MinIP and MIP) have been used to detect low and
high-density structures in a given sediment volume
(Zonta et al. 2021).

Facies analysis and palaeobiological data

Facies interpretation is based on sediment parame-
ters (grain size and geochemistry), the abundance
and diversity of macro- and microfossil remains,
and occurrence of other sedimentary features
observed in the core. To facilitate comparison with
previous regional-scale studies of the Holocene
facies architecture in the subsurface of the Po coastal
plain and Po Delta (e.g. Amorosi ef al. 2017; Bruno
et al. 2017; Campo et al. 2017), we used the facies
classification and terminology of Amorosi er al.

(2017). Sequence-stratigraphic terminology is fol-
lowing the sequence model III of Catuneanu et al.
(2009), where the transgressive systems tract (TST)
formed under a significant increase in the accommo-
dation space under rapid sea-level rise and the high-
stand systems tract (HST) formed during the
progradation of the Po Delta (even when the offshore
sites were subjected to winnowing). The assignment
of stratigraphic increments to systems tracts is based
on facies interpretation and geochronological data,
and informed by the changes in the thickness and
age of TST and HST units and by the duration of
these units (separated by the maximum flooding
surface) as documented in previous studies of seis-
mic profiles and cores in the Gulf of Venice and
Po Plain. The HST prograding wedge that is
¢. 10 m-thick in proximal portions of the mud-belt
pinches out eastward over several kilometres to
less than 1 m or few decimetres (below the seismic
resolution) (Trincardi et al. 1994; Correggiari et al.
1996b; Amorosi et al. 2017; Bruno et al. 2017).
For palaeobiological analysis, the core was
divided into 64 increments: the topmost 22.5 cm
were sliced into 2.5 cm-thick increments (each with
a volume of ¢. 500 cm®) and the remaining core
into 5 cm-thick increments (each ¢. 1000 cm™). For
the study of the benthic foraminiferal assemblage,
subsamples of ¢. 30 cm® (c. 50 g) in the upper part
(0-22.5 cm) and ¢. 60 cm® (c. 100 g) in the lower
part (22.5-300 cm) of the core were taken from
each core increment, and sieved through 63 um
and 1 mm mesh size. At least 300 specimens of
benthic foraminifers were counted if faunal density
was high enough and subsamples were split if faunal
density was very high. A second subsample, Var%/ing
in size from c¢. 60 cm® (c. 100 g) to ¢. 120 cm” (c.
200 g) in the lower and upper part of the core, respec-
tively was taken from each increment and used for
the analysis of ostracod assemblages. Only adult
ostracods were counted in grain size fractions 125—
250 um and 250 pm-1 mm. All material >1 mm,
including subsamples for foraminifers and ostracods,
was used for the analysis of the macrofaunal (mostly
molluscan) assemblage. Bivalves were counted if at
least 50% of the shell was preserved and the hinge
was present. For each bivalve species, the higher
number of single valves (either right or left) was
added to the number of double-valved specimens
to get the number of individuals in each increment.
Gastropods were counted if at least 50% of the
shell was preserved and the aperture was present.
Faunal density was calculated based on the identified
number of individuals and the volume of the incre-
ment or subsample. Changes in absolute and propor-
tional abundances of the most abundant species,
representing the majority of the total fossil assem-
blage of molluscs (55%), benthic foraminifers
(75%) and ostracods (75%), were analysed along
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the core. Finally, we measured shell length of V.
gibba to track its ecological dynamics not captured
by changes in abundance alone. This species is a use-
ful marker of eutrophication coupled with recurrent
hypoxic events because its size increased during
the late twentieth century at subtidal sites in the
Northern Adriatic Sea (TomaSovych er al. 2020).
In contrast to size distributions from stratigraphic
intervals preceding the twentieth century, in which
larger individuals are rare or missing, size distribu-
tions with abundant individuals that exceed >10 mm
in length are widespread in death assemblages
formed since the mid-twentieth century. We mea-
sured the length of right valves in 708 specimens
of this species collected in all core increments and
additional 2011 specimens collected with six Van
Veen grabs at the location where the core was sam-
pled. We followed the approach of Fuksi er al.
(2018), and used the reduced major axis regressions
to predict the length from the width in specimens with
incomplete preservation and to predict the length of
the right valve from the length of the left valve.

Core chronology and time-averaging

Age dating was performed on the following four
materials: (1) fifty valves of the bivalve Varicorbula
gibba collected in the upper 30 cm of the core
(Fig. 2a), (2) 15 valves of the bivalve Lentidium med-
iterraneum (Fig. 2b) collected across the upper
60 cm, (3), five subsamples collected from a 6 cm-
sized boxwork rhodolith (sensu Basso 1998) from
3 to 9 cm, and (4) two terrestrial plant remains col-
lected at 75 and 265 cm. The two bivalve species
were selected according to their abundance (V.
gibba is one of the dominant species) and differences
in their bathymetric distribution and habitat prefer-
ences. Both species possess similar shell sizes,
both are shallow-infaunal opportunistic filter-
feeders, and both occur at high abundances in the
Holocene successions of the Northern Adriatic Sea
(Sawyer and Zuschin 2010; Scarponi et al. 2013;
Weber and Zuschin 2013; Kowalewski er al.
2015). L. mediterraneum is most abundant in
sandy sediments of river mouths, tidal flats and
lagoons at depths <10 m (Simboura and Zenetos
2002; Bozzeda 2010; Weber and Zuschin 2013),
and thus can be used to track the timing of transgres-
sion at our location. In contrast, V. gibba is most
abundant in offshore-transition to offshore silty
muds at depths >10 m (Hrs-Brenko 2006), and is
currently one of the dominant molluscan species in
living assemblages at the sampled site.

All ages are reported as calibrated years before
AD 2017 — the year of sampling, which is abbrevi-
ated in the following as ‘cal years AD2017’. These
ages constrain the core geochronology, sedimenta-
tion rates, and its stratigraphic resolution.

Varicorbula gibba Lentidium mediterraneum

C) e, (b)

Fig. 2. Dated material and core characteristics. (a)
Varicorbula gibba (170 cal years AD2017) from 0 to
2.5 cm core depth. (b) Lentidium mediterraneum from 0
to 2.5 cm core depth (9810 cal years AD2017). (c)
Boxwork rhodolith from 3 to 9 cm core depth. (d)
Cross-section of the rhodolith with marked positions of
the subsamples used for radiocarbon dating: (1) inner
layer of calcareous red algae, (2) middle layer of
calcareous red algae, (3) outer layer of encrusting red
algae, (4) inner serpulid, and (5) outer serpulid. (e) and
(f) Carbonate concretions from around 80 cm

core depth.

Interquartile range (IQR) of postmortem ages of
skeletal particles refers to time-averaging (mixing
of non-contemporaneous generations, e.g. TomaSo-
vych and Kidwell 2010; Kidwell 2013). We assess
(1) within-species time-averaging of 5cm incre-
ments separately for V. gibba and L. mediterraneum
and (2) multi-taxon time-averaging by assessing
IQRs of all bivalves and rhodolith ages (with the
exception of the few 5 cm increments where only
one or two specimens of L. mediterraneum were
dated).

Ten valves of V. gibba were randomly selected
from five stratigraphic increments in the upper
30 cm of the core, where this species is abundant,
and were dated by '“C-calibrated amino acid racemi-
zation (AAR, Bada and McDonald 1995). We used
the D/L of aspartic acid with the time-dependent
reaction kinetic model and the initial D/L value esti-
mated from data (TDK1; Allen et al. 2013). The cal-
ibration model is based on '“C values of V. gibba
shells collected in the Gulf of Trieste and the



Downloaded from https://www.lyellcollection.org by Adam Tomasovych on Feb 08, 2023

M. Berensmeier ef al.

parameters of the equation were given in TomaSo-
vych et al. (2017, 2018).

L. mediterraneum and rhodolith subsamples were
dated by 14C accelerator mass spectrometry (AMS)
using the direct carbonate target technique (Bush
et al. 2013). The rhodolith was cut and subsampled
in zones that capture chronological succession of
the rhodolith growing from its centre towards the
outer parts: (1) inner layer of calcareous red algae,
(2) middle layer of calcareous red algae, (3) outer
layer of encrusting red algae, (4) inner serpulid,
and (5) outer serpulid (Fig. 2d). All bivalves and rho-
dolith samples were prepared at the Amino Acid
Geochronology Laboratory, Northern Arizona Uni-
versity (USA) and analysed at the Keck-Carbon
Cycle AMS facility, University of California, Irvine
(USA).

Two terrestrial plant remains were analysed by
“C AMS at the Poznah radiocarbon laboratory
(Poland) to date the sediments with low fossil con-
tent in the lower part of the core. All '*C AMS
data were calibrated using R version 4.0.3 (RCore-
Team 2021) and package ‘rcarbon’ (Crema and
Bevan 2021). Calibration of L. mediterraneum and
rhodolith subsamples was based on the Marine20
calibration curve (Heaton er al. 2020), with regional
marine reservoir correction (AR; i.e. regional offset
from the marine '*C calibration curve, Reimer and
Reimer 2001) of — 20 + 28 years based on Aequi-
pecten opercularis collected near Rimini (Langone
et al. 1996). We note that AR = 139 years in the
marine13 database, as also used in Scarponi et al.
(2013), changed to AR = —20 years in the marine20
database. All ARs that were used to calibrate against
the Marine13 databases in the past were updated in
the 14CHRONO database of marine reservoir cor-
rections (http://calib.org/marine/) so that they can
be used with the marine20 database (Heaton et al.
2020). This shift does not prohibit the comparisons
with former age calibrations, although more detailed
analyses incorporating previously published ages
may require recalibration of older geochronological
data. Calibration for plant remains is following the
atmospheric-based IntCal20 curve (Reimer et al.
2020).

Down-core profiles in *'°Pb

Activities of >'°Pb and ?*°Ra were analysed in each
core increment in the upper 60 cm by gamma spec-
trometry using a High Purity Germanium detector
system at the Eawag Department Surface Waters
(Switzerland). The excess in >'°Pb activity was com-
puted by subtraction of **°Ra from 2'“Pb. As no
apparent age homogeneity was visible in the upper-
most centimetres, we computed apparent net sedi-
mentation rates b2y fitting the slope of the activity
decline in excess “'°Pb (with non-linear least-square

fitting; with the excess 210py, activity declining expo-
nentially with depth) according to the Constant
Flux—Constant Sedimentation model (CFCS,
Sanchez-Cabeza and Ruiz-Ferndndez 2012). In the
absence of bioturbation, the slope of the log-linear
decline in the excess 2'°Pb activity is a function of
sedimentation rate, with steeper slopes indicating
faster sedimentation. If sedimentation rate is zero,
the decline in the excess 2'°Pb activity is a function
of bioturbation. The excess *'°Pb activity is informa-
tive about sedimentation and mixing rate over the
gl%st one hundred years because the half-life of
Pb is 22.6 years.

Geochemistry

High-resolution sediment geochemistry is based on
micro-X-ray fluorescence (u-XRF) core scanning
performed at the Austrian Core Facility (Institute
of Geology, University of Innsbruck) on core halves.
Sections were progressively moved past a No. 1
Mo-tube X-ray source of an Itrax-XRF core scanner
(CS-45, Croudace and Rothwell 2015). The instru-
ment was operated at 30 kV and 52 mA, with a
count time of 5 seconds, and at 1000 pm sample res-
olution. Micro-XRF results are represented by
counts per second (cps) and should be considered
as semi-quantitative measurements.

The elemental intensities gained by the
micro-XRF core scanning highlight stratigraphic
variability in aragonite content (Sr), carbonate con-
tent (Ca), redox conditions (Fe, Mn), terrigenous
input (Ti, K, Rb), grain size (Zr), and heavy metals
(Pb, Zn, Cu, Ni) (Rothwell 2015). Molybdenum
incoherent:coherent scattering ratio is a proxy for
the content of organic matter (cf. Woodward and
Gadd 2019).

Pairwise between-element comparisons were
performed on selected element ratios. The decline
in Ca/Sr, indicates a decline in biogenic aragonite
content (Rothwell ef al. 2006). Ti as a common con-
stituent of rocks, such as gneiss or schist, indicates a
terrigenous continental source (Rothwell er al.
2006). The ratio Ca/Ti increases with increasing
contribution of carbonate at the expense of terrige-
nous components (Ingram ez al. 2010). High ratio
of Mn//Fe is indicative of reducing conditions in sed-
iments (Marsh et al. 2007). We also plot Molybde-
num incoherent scattering against Sr intensities to
compare differences in organic matter content and
aragonite content between facies units.

Bulk sediment geochemistry was analysed in 22
3 cm-thick subsamples to assess changes in major,
minor and trace elements, nutrients, and persistent
organic pollutants. Water content (WC) was deter-
mined from an aliquot of sample dried in an oven
at 105°C until it reached a constant weight (Percival
and Lindsay 1997). Total nitrogen (Ntot) and total
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carbon (Ctot) were determined on subsamples using
a ThermoFisher Flash 2000 IRMS Elemental Ana-
lyzer (EA). Samples for organic carbon (OC) were
first decarbonated with hydrochlorid acid 1.5 N in
silver capsules (Nieuwenhuize er al. 1994). Inor-
ganic carbon (IC) was calculated as the difference
between TC and OC. About 0.4 g of each sample
dried at 55°C was digested with 8§ ml of HNO; 8 N
in a microwave oven (USEPA 2007) and — after fil-
tration — the concentrations of Al, As, Cr, Cu, Fe, Li,
Mn, Ni, Pb and Zn were determined by ICP-AES
spectrometry (Optima 2100DV, PerkinElmer,
USA) (USEPA 1994). Mercury concentration was
determined by cold-vapour AA spectrometry (Ana-
lyst 100, PerkinElmer, USA) (USEPA 1976). Raw
concentrations of several trace elements in the bulk
sediment were selected to quantify sediment pollu-
tion by comparing them to sediment toxicity criteria:
effects range low (ERL) and effects range median
(ERM) (Long et al. 1995; Burton et al. 2004). Con-
centrations below the ERL correlate rarely with toxic
effects on benthic organisms, while concentrations
above the ERM indicate generally or always
observed toxic effects on benthic organisms. Trace
elements were normalized to Fe in order to correct
for grain size (Loring 1991; Covelli and Fontolan
1997; Covelli et al. 2006). Enrichment factors of
grain-sizes, selected elements and components
were calculated as the ratio between the mean con-
centrations in the upper 9 cm and the values aver-
aged across the underlying intervals (Sucharova
et al. 2012).

Granulometry

The percentages of clay, silt, sand and gravel were
determined in the same 3 cm-thick increments as
used for bulk sediment geochemistry by a laser dif-
fraction particle size analyser (Mastersizer 2000,
Malvern Instruments Ltd 2007) using an aliquot of
about 2 g of wet sediment dispersed in distilled
water. The instrument provided the volumetric
percentage of particles belonging to 100 diameter
classes in the range 0.1 to 2000 um. Grain-size clas-
sification followed Wentworth (1922).

Statistical analyses

All statistical analyses were performed in R 4.0.3 and
RStudio version 1.4.1103 (RCoreTeam 2021; RStu-
dioTeam 2021). Environmental variables (grain size
and raw concentrations of nutrients and organic and
inorganic pollutants) were checked for normality,
log transformed when a non-normal distribution
was detected, and z-standardized to account for dif-
ferent units and scales. Collinearity among geochem-
ical variables was evaluated using the Pearson
correlation coefficient and principal component

analysis (PCA) was used to assess multivariate rela-
tionships among samples with respect to their strati-
graphic distribution. PCA was carried out based on a
Euclidean distance, using the percentages of grain
sizes (sand), and concentrations of major elements
(Fe, Al, P, Mn), trace elements (As, Cd, Cr, Cu,
Hg, Li, Ni, Pb, Zn), total nitrogen, total organic car-
bon, inorganic carbon, and organic pollutants
(PAH). To identify the position of major strati-
graphic shifts in bulk geochemistry and to agglomer-
ate adjacent increments with similar composition
into stratigraphic units, we used a constrained hierar-
chical cluster analysis that takes into account the
stratigraphic sequence of the samples (Birks 2012).
The clustering procedure is based on the CONISS
algorithm applied to the Euclidean distance matrix
(constrained incremental sum of squares agglomera-
tive clustering, chclust function in the rioja package,
Juggins 2015). This procedure links samples into
successively larger groups by minimizing the
Euclidean dispersion within the clusters, with the
constraint that clusters must be formed by strati-
graphically adjacent samples (Birks 2012).

Results

Facies 1: alluvial sandy silts (75-300 cm core
depth)

The lowermost core section comprises light grey to
beige sandy silts, mostly with a faint planar lamina-
tion (Fig. 3). Macrofauna is represented by sparse,
non-marine molluscs such as the freshwater-brackish
Theodoxus sp., Valvata sp., and Pisidium sp., along
with land snails Vallonia sp. In total, nine non-
marine poorly preserved molluscan remains were
identified in this facies. Single valves of V. gibba
occur at core depths 225 and 295 cm. Benthic fora-
minifers and ostracods are absent. Traces of biotur-
bation are almost absent apart from one preserved
burrow at the base of the core, visible in the CT-scan
(Fig. 3). Accumulation of well-preserved plant
remains and wood fragments are frequent in this
facies. Abundant millimetre-sized carbonate concre-
tions occur at 75-100 cm (Fig. 2e, f).

Facies 2: transitional (coastal) sandy silts
(40-75 cm)

This facies consists of grey sandy silts characterized
by very low macro- and microfaunal densities, with
maximum of ¢. 13 molluscs per 100 cm?, ¢. 200 for-
aminifers per 1 cm®, and ¢. 50 ostracods per 100 cm®
(Fig. 3). The macrofossil assemblage comprises
mostly a mixture of freshwater, brackish and marine
molluscs (bivalves, gastropods, scaphopods and pol-
yplacophors). Among 352 individuals that were
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Fig. 3. POS514-GC25-5 core log. Left: Details of CT-scans visualizing sedimentary structures with lower (black to
red) and higher (yellow to white) densities. Images are acquired with an X-ray penetration depth of 20 mm. Note that
higher densities are indicated by lighter colours, for example in the shell lag around 10-20 cm and less dense material
is indicated by black structures, for example by plant remains in the lower core segments. Optical images, grain sizes
and core log with sedimentary structures are displayed. Centre: Faunal densities of marine and non-marine molluscs,
benthic foraminifers and ostracods. Right: Facies and sequence stratigraphic interpretation of the core. The four facies
include (1) alluvial/floodplain deposits, (2) transitional sediments, (3) a shallow-marine shell lag, and (4) prodelta
silts. HST, highstand systems tract; TST, transgressive systems tract; MFS, maximum flooding surface; TSS,

transgressive sand sheet; RS, ravinement surface.

identified to species level the dominant taxa are rep-
resented by marine bivalves: V. gibba (the most
abundant mollusc, reaching up to 18%), Parvicar-
dium scabrum, Ostrea spp., Timoclea ovata, Pitar
rudis, Nucula cf. nuclaeus, and Papillicardium pap-
illosum (Fig. 4). Turritellinella tricarinata is the
most dominant marine gastropod (up to 10% of the
total molluscan assemblage) (Fig. 4). Macrofauna
is moderately- to poorly-preserved; most of the
remains are fragmented, their original colour is
absent, and external ornamentation is worn. The
poorly preserved (highly abraded) microfauna is
characterized by shallow-marine benthic foramini-
fers (Haynesina spp., Ammonia spp., Textularia
spp.) and shallow-marine ostracods (Cytheridea nea-
politana, Loxoconcha sp., Cistacythereis sp.)

(Fig. 4). Foraminifers peak in abundance at around
60 cm and ostracods appear for the first time above
50 cm (Figs 3 & 4). Few remains of freshwater-
brackish species are represented by the gastropods
Vallonia sp. and Valvata sp. and by the ostracod
Cyprideis torosa. Plant remains and wood fragments
occur occasionally; a prominent larger piece occurs
at 55 cm core depth.

Facies 3: shallow-marine silty sands capped by
a shell lag (1040 cm)

This facies consists of grey silty sands that coarsen
upward towards a shelly, densely packed lag in the
uppermost 10 cm, with abundant micro- and
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Fig. 4. Absolute and proportional abundance of the most common and index species. The sharp decline in absolute
abundance at the transition from the shell lag to the uppermost 10 cm is driven by an increase in net sedimentation

rate from ¢. 0.05 mm a~' to 0.5 mm a~". The increase in pr

oportional abundance of Varicorbula gibba, Turritellinella

tricarinata. and Nonionella sp. in the uppermost 10 cm-thick prodelta silts is interpreted as a signature of
eutrophication. Ostracods are represented by the most common species Cytheridea neapolitana. Note that total
abundance of molluscs and ostracods below 60 and 45 cm drop below 10 individuals per increment due to a facies

shift to alluvial deposits.

macrofossils. The macrofossil assemblage contains
abundant fragments of bivalves and gastropods.
Bryozoans, echinoderms, serpulids, crustaceans
and otoliths are less common. The absolute abun-
dance of molluscs reaches the maximum in the
12.5-15 cm increment with ¢. 120 specimens per
100 cm® (Fig. 3). In total, 3443 molluscs (bivalves,
gastropods, scaphopods and polyplacophors) were
identified in facies 3, among which 34 individuals
belong to freshwater-brackish species (e.g. the gas-
tropods Vallonia sp. and Bithynia sp.). The most
dominant mollusc species is V. gibba (20%),

followed by the less abundant P. scabrum, T. tricar-
inata, Ostrea spp., T. ovata, N. cf. nuclaeus, and
P. papillosum (Fig. 4). The preservation of macro-
fossils varies from worn fragments to well-preserved
and complete larger shells. Most of the macrofossils
are fragmented and externally discoloured. The
shells often show traces of microborings and signs
of internal dissolution. Some shells are partly coated
by pyritic grains or encrusted. This facies is strongly
bioturbated, with randomly oriented shells (see
CT-scan in Fig. 3) and homogeneous median ages
of V. gibba (Fig. 5).
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Fig. 5. (a) Calibrated radiometric ages of shells, rhodolith and plant remains in years before the year of core
collection AD 2017. Postmortem ages of Varicorbula gibba are mostly younger than 7000 years, ranging from c. 24
to 7880 cal. years AD 2017. Lentidium mediterraneum ranges from c. 9200 to c. 10 290 cal. years AD 2017. The
ages of the rhodolith subsamples range from 120 to 360 cal. years AD 2017, and plant remains are dated to c. 9938
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Distributions of V. gibba postmortem ages at their stratigraphic position visualized by boxplots that depict the first
and the third quartile age and the median age of distributions. (¢) 2'°Pb excess in the sediments decreases in the upper
10 cm of the core down to background noise. (d) Calculated net sedimentation rate based on the dated shells.

The microfauna is poorly preserved (often
abraded). Densities of shallow-marine benthic fora-
minifers (<300 specimens per 1 cm?) and shallow-
marine ostracods (<200 specimens per 100 cm®)
are low at the base of this facies (Fig. 3). Both fora-
minifers and ostracods show a rapid increase in den-
sities at ¢. 20 cm core depth. The maximum densities
of ¢. 800 foraminifera tests per 1 cm® and 750 adult
ostracods per 100 cm® occur in the 15-17.5 cm
increment. The dominant benthic foraminifers are
represented by Haynesina spp., Ammonia spp., Tex-
tularia spp., Neoconorbina terquemi, Reussella spi-
nulosa, Asterigerinata mamilla, and Elphidium
crispum (Fig. 4). The ostracod assemblage is
strongly dominated by Cytheridea neapolitana
(50%) with other species (Loxoconcha sp., Cistacy-
thereis sp., Carinocythereis sp., Pterygocythereis
Jjonesi, and Pontocythere turbida) less frequent
(Fig. 4).

Facies 4: prodelta silts (0-10 cm)

Clayey, fine to medium-grained, grey silts character-
ize the uppermost 10 cm of the core. The relatively
low fossil content is mainly represented by marine
molluscs (517 individuals in total), resulting in a
mollusc density of 40 individuals per 100 cm®. Non-

marine molluscs contribute only two individuals
(Fig. 3). The molluscan assemblage shows an
up-core decrease in absolute densities. This decline
is exhibited by all dominant species, including
V. gibba, P. scabrum, T. tricarinata, Ostrea spp.,
T. ovata, P. rudis, N. cf. nuclaeus, and P. papillosum
(Fig. 4). However, proportional abundance of 7. tri-
carinata (from c. 10% to c. 25%) and V. gibba (from
¢. 20% to c. 25%) increase up-core (Fig. 4). The fos-
sil assemblage includes further a rhodolith (at 3—
9 cm core depth, Fig. 2c, d) and several fragments
of bryozoans, echinoderms, serpulids, crustaceans
and otoliths. Skeletal remains are mostly frag-
mented, partly worn and discoloured. Periostracum
is very rarely preserved on bivalve shells. Micro-
bioerosion and mineral precipitation such as iron
coatings and pyrite occur occasionally. The general
homogeneity in grain sizes and random orientation
of shells is a signature of mixing by bioturbation
(CT-scan in Fig. 3), but differences in median ages
of V. gibba (Fig. 5) indicate that this unit is not age-
homogeneous and thus not fully mixed by burrow-
ers. Size-frequency distributions of V. gibba show
that the shell size increases in the uppermost 10 cm
relative to the underlying shell lag (Fig. 6). The
95th percentile size increases from 5 to 6 mm to
>9 mm in the top 10 cm, corresponding to higher
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Fig. 6. (a) The down-core decline in median age of

V. gibba (white boxes), in median ages of all dated
skeletal remains (bivalves and rhodolith, black circles),
and in interquartile age range based of all dated skeletal
remains (grey circles). Grey background boxes indicate
different facies. (b) Changes in the median shell length
and in the 95th percentile length of V. gibba along the
core indicating increase in size in the uppermost 10 cm.
Grey background boxes correlate with different facies
and HST (highstand systems tract) and TST
(transgressive systems tract) and two surfaces are
indicated: MFS (maximum flooding surface) and RS
(ravinement surface).

frequency of shells >10 mm. The 95th percentile of
the size distributions recorded in the six Van Veen
grabs varies between 8.4 and 10.2 mm, documenting
that the increase in size of V. gibba is not a patchy
signal but is representative for the uppermost sedi-
ment centimetres penetrated by grabs.

The density of benthic foraminifers and ostracods
declines strongly upwards, similarly to the marine
molluscs (Fig. 3). Dominant benthic foraminifers
are represented by Haynesina spp., Ammonia spp.,
Textularia spp., Neoconorbina terquemi, Reussella
spinulosa, Asterigerinata mamilla, and Elphidium
crispum (Fig. 4). The proportional abundances of
these species show a strong decrease towards the
top of this facies unit. In contrast, Nonionella sp.
increases upwards, reaching 10% of the total forami-
niferal assemblage. The shallow-marine ostracods
are dominated by a single species, Cytheridea nea-
politana (70%) (Fig. 4). Other marine ostracod spe-
cies such as Loxoconcha sp. and Cistacythereis sp.
contribute less than 20% each to the fossil assem-
blage. Carinocythereis sp., Pterygocythereis jonesi,
and Pontocythere turbida are less abundant than
10% each; Fig. 4).

Core chronology

Radiocarbon dates of two terrestrial plant macrofos-
sils at 75 and 265 cm show that the alluvial sandy
silts (facies 1) in the lower part of the core were

deposited between c¢. 9940 and c. 10 400 cal years
AD2017 (Fig. 5a, Table 1). Notably, ages of L. med-
iterraneum collected from the overlying increments
in the upper 60 cm of core (facies 2—4) show a similar
range (Fig. 2b). Ages of L. mediterraneum, sampled
in the upper 60 cm of the core, do not vary systemati-
cally with the stratigraphic position, ranging between
9380 and 10 510 cal years AD2017 (Fig. 5a). In con-
trast, ages of V. gibba (Fig. 2a) are younger by several
millennia and range from 24 to 7880 cal years
AD2017, with most of them being younger than c.
5000 years (Fig. 5a). Only two shells of V. gibba
are older than 7000 years (Fig. 5a). The total age
range of L. mediterraneum in the entire core is
1130 years and IQR is 310 years. Whole-core total
age range and IQR of V. gibba are both higher by
an order of magnitude (7860 years and 3720 years,
respectively). Moreover, in contrast to L. mediterra-
neum, median ages of V. gibba show a stratigraphic
order within the uppermost 30 cm of the core
(Fig. 5b). Median age of V. gibba increases down-
core from 50 years at 0-2.5 cm, to 1380 years at 5—
7.5cm, to c¢. 2880 years at 10-12.5 cm, to 4480
years at 17.5-20 cm, and reverses to 3560 years at
27.5-32.5 cm (Fig. 5b). The age distribution of V.
gibba at 5-7.5 cm, representing the transition
between the top-core increment with very young
shells and the underlying shell lag with shells that
are several millennia old, is in fact characterized by
two distinct modes — five shells are between c. 200
and 370 years old and five shells are between c.
2400 and c. 7900 years. The rhodolith found at 3—
9 cm was formed by several organisms, mainly by
coralline red algae, serpulids, encrusting red algae,
and bryozoans (Fig. 2c, d). Age dating of 5 subsam-
ples show that the rhodolithic innermost segments
grew from 500 to 270 cal years AD2017. These
inner layers were overgrown by serpulids in 190
and 200 cal years AD2017. The rhodolith thus grew
gradually over the duration of at least 300 years
until the c. nineteenth century (Fig. 5a) and is coeval
with the subset of shells of V. gibba at 5-7.5 cm
(200400 years old). The overall age model for the
upper 60 cm of the core based on ages of all skeletal
particles (V. gibba, L. mediterraneum, and five rho-
dolith subsamples) shows a down-core increase in
per-increment median age up to c¢. 4480 years at
20 cm, followed by the reversal to c¢. 3560 years at
30 cm (Fig. 6). L. mediterraneum at 50-60 cm con-
strains the onset of the facies 3 to ¢. 10 000 years
(Fig. 6).

Time-averaging

Per-increment time-averaging of V. gibba as mea-
sured by the IQR increases rapidly down-core from
300 years at 0-2.5 cm to 3350 years at 5-7.5 cm.
The increments in the shell lag (facies 2) show IQR
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Table 1. Facies interpretation

Facies Core Lithology Age dating Sedimentation rate Sequence
depth
(cm)
facies 4: prodelta 0-10 muddy silt 0-2.5 cm increment: c. increasing up-core, HST
sediments 50 years before AD c.0.5mma'in
2017 based on V. the top based on
gibba median shell Pb dating,
ages 0.15 mm a~'at the
bottom based on
V. gibba shell
dating
facies 3: 1040  muddy/silty ¢. 2000-7800 years ¢. 0.05mma~’ TST
shallow-marine sand before AD 2017 based on V. gibba
sediments including a based on V. gibba shell dating
shell-rich lag shell dating
(10-22.5 cm)
facies 2: transitional ~40-75  sandy silts <c. 9940 (£ 50 years) decreasing up-core,  TST
(coastal) before AD 2017 c. 4 mma~ ! based
sediments based on dated plant on dated plant
remains remains
facies 1: alluvial 75-300  sandy silts ¢. 9940-10 400 c. 4mma~' based TST
sediments (£ 50 years) before on dated plant

AD 2017 based on
dated plant remains

remains

Ages and estimates of the net sedimentation rate are based on different faunal materials and plant remains.

of 1890 years at 10-12.5 cm, 3030 years at 17.5—
20 cm, and 860 years at 27.5-32.5 cm. IQRs based
on ages of all skeletal particles parallel the trends

exhibited by IQRs of V. gibba ages, markedly increas-
ing from 430 years at 0-2.5 cm to 2760 years at 5—
7.5 cm, with millennial-scale IQRs below (Fig. 6a).
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Fig. 7. Micro-XRF core scanning in 1 mm resolution (grey lines) and averaged to 10 mm signals (black lines). All
single element intensities in counts per second (cps).
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Sedimentation rates

Based on all ages of carbonate skeletal particles
(both bivalve species and the rhodolith), the upper-
most 2.5 cm increment with median age equal to c.
50 years was deposited at 0.5 mma~' during the
twentieth century (i.e. 50 years/25 mm, Fig. 5a, b).
The difference in median ages between the incre-
ment at 0-2.5 cm and at 5-7.5 c¢m (including the rho-
dolith dates) shows that sediments were deposited at
0.15 mm a~' over few centuries prior to the twenti-
eth century. The non-linear least squares regression
fitted to the exponentially-declining excess >'°Pb
activity in the uppermost core segment (0-10 cm)
documents an apparent net sedimentation rate of 0.6
mm a~ ' during the twentieth centur?f (Fig. 8c), sim-
ilar to the estimate based on median '*C ages of skel-
etal particles in the uppermost increment (0-2.5 cm,
Fig. 8b).

The differences in V. gibba median age between
increments corresponding to the shell lag (i.e. the dif-
ference in median ages between increments at 5—
7.5cm and 10-12.5 cm, or between 10 and 12.5
and 17.5-20 cm, divided by the corresponding
depth differences) documents a net sedimentation
rate of ¢. 0.02-0.05 mm a~" during the Late Holo-
cene sea-level rise between c. 1000 and 6000 years
ago as suggested by ages of shells in facies 3. In con-
trast, the age difference of only 450 years between
the dated plant remains su{ggests a high net sedimen-
tation rate of c. 4 mma~ during the deposition of
alluvial floodplain (TST) sediments preserved now
at 75-265 cm (Fig. 8d, Table 1).

High-resolution sediment geochemistry

Although all element intensities from micro-XRF
fluctuate within the core, directional stratigraphic
changes were observed only in a few cases
(Fig. 8). Aragonite content tracked by Sr shows
low, stable intensities in facies 1 and 2, and a gradual
up-core increase to a maximum in facies 3 at c.
12 cm (Fig. 7). Carbonate content tracked by Ca
intensities remains constant throughout the core. At
around 55 cm (facies 2), a centimetre-sized plant
remain induced the negative excursions of Ca, Ti
and K and the positive Molybdenum incoherent:
coherent scattering ratio. Fe and Mn intensities are
lowest in facies 2, and do not change markedly in
the upper 1 m of the core. The intensity of K (terrig-
enous input) decreases at the top of facies 1, where
the carbonate concretions occur, and at the top of
facies 3 (within the shell lag). Higher Zr intensities
indicate coarser grained sediments in a few horizons
at the base of the core. The concentrations of Pb, Zn
and Ni increase slightly in the topmost increments.
Between-element pairwise plots show that the
lower core parts (facies 1) are characterized by

high Ca and low Sr intensities (Fig. 9). Ca slightly
decreases within facies 2, while Sr increases until it
reaches its maximum in facies 4. Molybdenum inco-
herent:coherent scattering ratio shows a broader
range and lower intensities in facies 1 and 2 than in
facies 3 and 4. Ti attains the highest values in facies
1 and decreases up-core.

Bulk sediment geochemistry

Quantitative geochemical analyses of bulk sediment
led to the identification of stratigraphic shifts in the
concentrations of trace elements, major constituents
(mainly clay minerals) and pollutants (Fig. 9).
Remarkably, these concentrations are not signifi-
cantly changing at the transition from alluvial to
marine sediments at ¢. 22.5-75 cm (facies 1 to 3).
In contrast, a prominent excursion is visible in
Hg, Cr, Ni, Pb, Li, and Al in the uppermost 9 cm
(facies 4, Fig. 9). Concentrations of Cu, Cd and
Mn markedly decrease in facies 3 at 15 cm. Zn,
Pb and Cr fall below the ERL, while Hg concentra-
tions exceed the ERL benchmarks in the upper
9 cm. Ni concentrations exceed the ERL in the
upper 75 cm and almost reach the ERM in the
uppermost 10 cm. The concentrations of As exceed
the ERL benchmark at several intervals, but remain
below ERM (70 mg kg™"). The proportion of fine-
grained fraction (<16 um), total nitrogen, TOC
and water content increase up-core within the
HST units (Fig. 9). The concentrations of P and
Fe decrease in facies 3 at 15 cm, but do not increase
in the overlying facies 4. The lower core segments
exhibit low organic enrichment, but TOC increases
strongly in the uppermost 10 cm. The carbonate
content based on IC ranges from 33 to 42% and
has its maximum at 85 cm, where carbonate concre-
tions are frequent. Up-core, the carbonate content
decreases gradually to a minimum of 26% at
7.5 cm (Fig. 9). Enrichment factors show that total
nitrogen and organic carbon increase by a factor
of 3.7 and 2.3, respectively, towards the uppermost
core segment (Table 2). The amount of P does not
increase upwards. The concentration of Hg shows a
drastic increase (7.4); Pb, Cr, Ni and Zn also show
an up-core increase (EF 2.3-1.5). Percentage of
sand-sized grains correlates positively with concen-
trations of As (Table 3). Silt correlates positively
with Fe, Cy, Mn and Cu. Fine-grained fraction
(<16 um) correlates positively with the concentra-
tions of Ni, Hg, Cr, Pb, Li, Al, Zn and total
nitrogen.

Constrained hierarchical cluster analysis based
on bulk geochemistry discriminates two main
groups, corresponding to facies 1-3 (9-300 cm)
and facies 4 (0-9 cm) (Fig. 10), suggesting a major
change in bulk geochemistry at the transition
between the shell lag and the prodelta silts.
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Increment at 15.5 cm is separated from all underly-
ing samples. The lower part of the core is further
divided at ¢. 160 cm into two groups of increments,
which, however, are less clearly separated and not
supported by the results of the PCA based on the
same data. PCA illustrates the correlation between
elements, with the first two axes explaining 72% of
the variance in the data (Fig. 10). This approach dis-
tinguishes two major groups of samples differing in
grain size and geochemical composition. Group 1,
identified by the cluster analysis, comprises
organic-rich, fine-grained sediments with heavy
metal pollutants Pb, Hg and Ni in the upper 9 cm

of the core (increments 1.5, 4.5 and 7.5 cm). Group
2 comprises most of the remaining increments
arranged along a gradient from sandy sediments
with high concentrations of As (increments at 22.5,
41.5, 167.5, 188.5, and 207.5 cm) to silt-dominated
sediments with high carbonate content and high con-
centrations of Fe, P, Mn, and Cd (increments
between 77.5-148.5 cm and 216.5-298.5 cm). The
increment at 15.5 cm is an outlier both in the cluster
analysis and in the PCA. This increment corresponds
to the sandy shell lag with the highest proportion of
sand in the entire core and with the maximum densi-
ties of skeletal remains (Figs 3 & 4).
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Discussion

Facies interpretation, sequence stratigraphy
and palaeoenvironmental conditions

Four facies are expressed in the stratigraphic record
of the 300 cm long gravity core (Table 1). Although
the alluvial sediments were deposited under
relatively high net sedimentation rates, the marine
succession preserved in the 70 cm-thick section is
extremely condensed.

Facies 1: alluvial floodplain (75-300 cm)

Sediment features and fossil content indicate that
facies 1 was deposited in an alluvial floodplain set-
ting. The widespread presence of plant debris, the
millimetre-scale lamination and geochemical prox-
ies (Fig. 8) indicate a setting with low topography
affected by recurrent floods. Abundant carbonate
concretions at the top of the facies probably represent
coatings and filaments precipitated along root traces

(i.e. root casts, Fig. 2e, f). These concretions indicate
water level oscillations and carbonate supersatura-
tion of sediment pore-waters. They can be inter-
preted as early pedogenic features similar to those
described by Amorosi et al. (2021) from soil hori-
zons in Po plain deposits. The depositional setting
of facies 1 can thus be assigned to a poorly-drained
floodplain (sensu Amorosi et al. 2017) indicated by
(1) the paucity of in situ and reworked macrobenthic
remains, (2) single occurrences of diagnostic taxa
(e.g. the freshwater-brackish bivalve Pisidium sp.),
(3) the absence of microfauna, and (4) the occurrence
of carbonate concretions. Two occurrences of
V. gibba are interpreted as out-of-habitat transport.
Facies 1 has similarities with the poorly-drained
floodplain facies association formed as part of an
inner estuary depositional system of Amorosi et al.
(2017) documented in the Holocene transgressive
systems tract of the Po plain. The sedimentation
rate of . 4mma~! (Table 1) is likely an estimate
that averages episodes of high sedimentation and
episodes of exhumation or non-deposition as is
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Table 2. Enrichment factors (EF) based on bulk geochemistry results in the 3 upper layers (0-9 cm)

AH Hg

N tot

Pb

Ni OC Cr

WC Clay

Cu Cd Fe Mn PAH Al Li Zn

P

Sand IC Ctot  Silt

As

26 37 44 74

2.5

23

1.5 1.7 18 1.9

1.5

1.2

06 0.7 0.7 09 09 09 1.1 11 1.1

EF

Background values are based on the underlying intervals (15-300 cm). Heavy metals were normalized to the Fe content.

M. Berensmeier ef al.

typical of floodplain deposition. The timing of the
deposition of facies 1 at ¢. 10 000 years ago is coeval
with a phase of a step-wise, but rapid sea-level rise in
the Northern Adriatic Sea (Lambeck er al. 2014;
Amorosi et al. 2017). This facies thus corresponds
to the TST units that belong to a landward-
thickening transgressive sediment wedge in cores
and seismic profiles in this sector of the Northern
Adriatic Sea (Correggiari et al. 1996b; Storms
et al. 2008). Floodplain deposits that characterized
the NW Adriatic environments during the first
phases of sea-level rise prior to c¢. 11 000 years
(Picone er al. 2008), were typically replaced by
barrier-lagoon sediments that rimmed the retrograd-
ing shoreline during the later phases of the TST, with
high lateral variability in water depth. Large parts of
the flat northern Adriatic shelf were flooded during
the subsequent c. 500 years when the global sea
level rose by c. 6.5 m. However, the sampling posi-
tion was still ¢. 25km away from the shoreline
(Fig. 11; Lambeck ez al. 2014).

Facies 2: transitional coastal sediments
(40-75 cm)

Based on fossil content and sediment features, facies
2 comprises transitional coastal sediments, with sim-
ilarities to the underlying floodplain facies (regard-
ing grain-size and organic matter remains) and to
the overlying shallow-marine sediments (e.g. gradu-
ally increasing macro- and microfossil content)
(Fig. 3). On one hand, the abundance of ostracods
and molluscs is very low in this facies, indicating
conditions reflecting the deposition in restricted
coastal lagoons. On the other hand, the increasing
abundance of marine fauna including V. gibba indi-
cates an offshore-transitional settings with water
depths >10 m (Hrs-Brenko 2006). The macrofossil
assemblage consists of rare freshwater-brackish
fauna, suggesting reworking and/or out-of-habitat
transport (Fig. 3). The absolute abundance of fora-
minifers increases rapidly at 60 cm, followed by a
drop to low abundances, while the ostracod assem-
blage shows very low abundances throughout facies
2 (Fig. 3). These co-occurrence patterns indicate
mixture of alluvial and shallow-marine sediments.
The transitional character of this facies is reflected
in the geochemical profiles as well: (1) a gradual
increase in the contribution of biogenic aragonite,
(Fig. 7), (2) a gradual shift towards more positive
5'°C of organic matter, indicating an increase in con-
tribution of marine organic matter (Lamb ez al. 2006)
(Fig. 8), and (3) a decrease in C/N values (mixing of
marine and terrestrial organic matter) (Lamb ez al.
2006, Fig. 8). Major and trace elements are not
changing significantly along facies 2, indicating a
constant source of terrestrial input (Fig. 8). To
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Table 3. Pairwise Pearson correlation coefficient values for bulk geochemistry and grain size
Hg Cr Cu Ni Pb As Cd Li Zn Mn P Fe Al <16 um Sand PAH Ny oC IC wC
Cr 0.96
Cu 0.03 —0.09
Ni 0.97 1 —0.03
Pb 0.91 0.89 0.27 0.91
As -029 -0.12 —-046 —0.17 -0.32
Cd 0.11 0.08 0.55 0.12 0.28 —0.02
Li 0.86 0.88 0.33 0.9 0.93 —-0.22 034
Zn 0.79 0.76 0.41 0.78 0.91 —0.43 0.37 0.84
Mn 0.25 0.19 0.84 0.25 0.51 —-0.52 0.5 0.58 0.57
P —-022 -033 0.16 -032 -0.23 0.1 0.22 —-034 -0.08 —0.11
Fe 0.3 0.28 0.8 0.34 0.56 —-0.28 0.61 0.67 0.63 0.93 —0.06
Al 0.82 0.84 0.38 0.87 0.91 —0.19 035 0.98 0.85 0.61 —-0.26 0.7
<l6um 0.83 0.83 0.34 0.86 0.91 —0.33 03 0.93 0.83 0.59 —0.35 0.64 0.9
Sand -021 -0.13 —-0.89 —-0.19 —-046 048 —-0.51 —-0.51 —-0.58 —0.86 0.05 —-0.85 —-0.53 —-0.61
PAH 0.25 0.3 0.02 0.29 0.27 —-0.02 -0.01 037 0.21 0.11 —-0.24 0.23 0.32 0.28 —0.1
Niot 0.95 0.95 0.08 0.95 0.96 -0.23 0.19 0.88 0.86 0.3 —-0.23 0.39 0.85 0.87 —-03 0.26
oC 0.87 0.84 0.1 0.84 0.84 —-0.28 0.14 0.72 0.81 0.19 0.02 0.3 0.71 0.76 —-0.27 0.2 0.92
IC —0.84 —0.87 0.38 —0.85 -0.67 0.07 0.17 —-0.6 —-0.56 0.14 0.14 0.07 —0.57 -0.53 -0.21 -0.24 -0.78 —0.77
C/N —-049 —-0.6 0.02 -0.61 -0.59 -0.13 -022 -0.68 -0.36 -0.31 0.69 —0.34 —-0.63 —0.59 0.16 -0.25 -0.53 -0.17 03
WwC 0.9 0.86 0.14 0.87 0.84 -0.36  0.14 0.76 0.75 0.27 -0.15  0.29 0.73 0.78 —0.31 0.19 0.88 0.83 —-0.72 -0.37

Significant correlations (p < 0.05) are displayed in bold.
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Shoreline positions in the northern Adriatic Sea
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Fig. 11. Development of shorelines in the Northern Adriatic Sea based on the global sea-level curve of Lambeck
et al. (2014). The Recent shoreline is at —5 m due to subsidence. Maximum marine ingression based on Correggiari
et al. (1996D).
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conclude, facies 2 marks the transition from alluvial /
floodplain to shallow-marine setting in a transgres-
sive systems tract and shows similarities to transgres-
sive deposits from Holocene sediment cores from the
Po plain described by Amorosi et al. (2017).

Facies 3: transgressive sand sheet with shell
lag (1040 cm)

Facies 3 is expressed by a conspicuous shell lag
dominated by marine mollusc shells (bivalves and
gastropods) with other marine organisms (bryozo-
ans, echinoderms, serpulids, and crustaceans). A
similar shell lag located close to the present-day sedi-
ment—water interface is a typical feature of Holocene
successions in the central segments of the Northern
Adriatic Sea (Picone et al. 2008). V. gibba dominat-
ing the fossil assemblage indicates that the water
depth exceeded 10 m (Hrs-Brenko 2006) (Figs 3 &
4). Subtidal conditions buffered from salinity or tem-
perature fluctuations led to the development of
diverse micro- and macrofaunal communities (Figs
3 & 4). Rare brackish-freshwater molluscs in the fos-
sil assemblage are reworked or transported from
marginal marine (L. mediterraneum) or fresh-water
habitats (Pisidium sp.). Although the contribution
of freshwater-brackish fauna is significantly lower
than the contribution of marine fauna, (1) the
co-occurrence of environmentally non-overlapping
taxa, (2) millennial-scale time-averaging of skeletal
remains, and (3) poor skeletal preservation demon-
strate environmental condensation of benthic com-
munities (e.g. Fiirsich 1978; Kidwell 1998, 2013)
(Fig. 3). The shell lag exhibits signs of taphonomic
feedback (Kidwell 1986) as suggested by coloniza-
tion of dead shells by encrusting bryozoans, encrust-
ing red algae and serpulids. Shell preservation in this
facies is linked to (1) low net sedimentation rates that
were probably on the long term induced by long-
shore currents and/or by episodic winnowing of
fines by storms (c. 0.05 mm a YHand (2) deep biotur-
bation promoted by infaunal organisms as indicated
by age-homogeneity of V. gibba across 20 cm and by
even higher vertical spread of L. mediterraneum
(Fig. 5). Age data indicate that the formation of the
shell lag coincides with the development of counter-
clockwise bottom currents that likely increased sedi-
ment winnowing and bypassing. These bottom cur-
rents in the Northern Adriatic Sea became stronger
¢. 7000-7700 years ago, when the circulation inten-
sified in response to the sea-level rise (Lambeck et al.
2014) and the shoreline achieved the most landward
position (Amorosi et al. 2017). This period corre-
sponds to the maximum age of V. gibba from our
core material (Fig. 5). The lithology, fossil content
and age data thus indicate that facies 3 with the
shell lag can be assigned to a transgressive sand

sheet (sensu Amorosi et al. 2017; Scarponi et al.
2017), which is a thin, shell-rich stratigraphic inter-
val with strong evidence of reworking by coastal
processes during shore-face retreat. In the sequence
stratigraphic architecture of the Northern Adriatic
Sea, the transgressive sand sheet is typically
bounded by the wave ravinement surface at the
base (an erosional surface produced by shelf currents
and/or waves) and by the maximum flooding surface
at the top (marking the change from maximum
shoreline migration to early Po delta progradation)
(Amorosi et al. 2017; Scarponi et al. 2017; Zecchin
et al. 2019). However, in the studied core the base of
the shell lag does not exhibit a clear erosional sur-
face. The lack of well-developed ravinement surface
may indicate that (1) the transgressing shoreline
environment at the location of our core was charac-
terized by a low-energy regime, without significant
waves or tides in the shore-zone (Cattaneo and
Steel 2003), or (2) that the erosional surface was ini-
tially present but was subsequently erased by deep
bioturbation during deposition of the shell lag. In
the latter scenario, the wave-ravinement surface is
interpreted to be originally located below a conspic-
uous increase in abundance of skeletal remains at
40 cm, separating shallow-marine deposits from
the mixed floodplain-coastal to marine deposits.

Facies 4: prodelta silts (0-10 cm)

Facies 4 is formed by clayey silts containing dead
shells that are actively sourced from the present-day
benthic community. It can be assigned to the distal
prodelta facies association of Amorosi et al. (2017)
as suggested by (1) the high proportion of taxa that
inhabit such settings (e.g. V. gibba, T. tricarinata,
Nonionella sp., Fig. 4), (2) terrigenous input driven
by river-borne sediment (mainly coming from the
Po della Pila mouth of Po River), and (3) the present-
day depositional setting below fair weather wave
base at 31 m water depth. Three key species increase
in proportional abundance in facies 4: the benthic
foraminifer Nonionella sp. (from c. 1% to c. 10%
per increment), the opportunistic bivalve V. gibba
(from c. 20% to c. 25% per increment), and the gas-
tropod T. tricarinata (from c. 5% to c. 15% per incre-
ment, reported as Turritella communis in Vatova
1949) (Fig. 4). V. gibba increases in median and
maximum size in prodelta silts relative to its size in
the underlying shell lag (Fig. 6). The ostracod spe-
cies Cytheridea neapolitana decreases in propor-
tional abundance up-core, while less abundant
species such as Loxoconcha sp. increase (Fig. 4).
All these species prefer a distal prodelta/mud-belt
environment with organic-rich sediments (Rossi
and Vaiani 2008; Barbieri et al. 2019). Nonionella
sp. and V. gibba can tolerate oxygen-depleted condi-
tions and thus can benefit from the eutrophication
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directly (higher food supply) and indirectly when
hypoxic episodes intensified by the eutrophication
eliminate their competitors or predators (Van der
Zwaan and Jorissen 1991; Hrs-Brenko 2006; Bar-
bieri et al. 2019) Suspension-feeding turritelline gas-
tropods also benefit from high primary productivity
resulting from eutrophication (Allmon 2011). How-
ever, T. tricarinata is rather sensitive to oxygen
depletion (Crema ez al. 1991; Chiantore et al. 2001).

Sediment cores collected at sites with higher
stratigraphic resolution show that the abundance of
Nonionella increased in the Northern Adriatic Sea
at other locations. For example, this genus increased
from 10% to 40% in the twentieth century at another
site located at 32 m depth in the distal portions of the
Po prodelta (Barmawidjaja et al. 1995; Van der
Zwaan 2000). Similarly, data from cores show that
proportional abundances of V. gibba increased dur-
ing the twentieth century at the Po prodelta and in
the Gulf of Trieste (TomasSovych et al. 2018),
whereas proportional abundances of 7. tricarinata
declined at the same time (TomaSovych er al.
2018). The cause of the opposite trend in abundance
of T. tricarinata in our core can be related to its abun-
dance increase prior to frequent oxygen depletion in
the late twentieth century (with the stratigraphic res-
olution in our core not allowing to distinguish the
late twentieth century decline) or to overall less neg-
ative side-effects of eutrophication on 7. tricarinata
at the sampling station. Surprisingly, although
Cytheridea neapolitana tends to inhabit organic-rich
sediments and exhibits tolerance to hypoxia (Bar-
bieri et al. 2019; Salvi et al. 2020), this species
declines in proportional abundance at the transition
between the shell lag and prodelta silts.

Low sedimentation rates and onshore transport

The up-core decrease in micro- and macrofaunal
densities in the prodelta silts, in contrast to the under-
lying shell lag, can be explained by two phases of
increasing sedimentation rate on the basis of strati-
graphic profiles in median shell ages: net sedimenta-
tion rates increase from ¢. 0.05 mm a~' in the shell
lag to 0.15 mm a~" at the base of the prodelta silts
and to 0.5mma~" at the top of the prodelta silts.
The excess >'°Pb activity rapidly declines down-core
within the upper 10 cm, with the slope indicating
sedimentation rate of 0.6 mma~'. Although some
values in the excess 2'°Pb activity exceeding 10 Bq
kg~ ! at increments below 10 cm indicate a non-local
mixing of fine-grained sediment (Fig. 5c), the appar-
ent net sedimentation rates in the prodelta silts based
on excess >'°Pb activity and on median age '“C data
in the uppermost increments are thus congruent. The
differences in the shape of age distributions between
the 0-2.5 cm and 5-7.5 cm increments show that the
present-day surface mixed layer is rather patchy and

is not thicker than 5 cm (Fig. 5a). Median age and
time-averaging rapidly increase at 5-7.5 cm incre-
ment (with the subset of V. gibba shells being coeval
with the growth of the rhodolith over several centu-
ries), but the underlying shell lag is age-homogenized
at 10-32.5 cm in terms of median ages of V. gibba
(2880 years at 10-12.5 cm, 4480 years at 17.5—
20 cm, and 3570 years at 27.5-32.5 cm, Fig. 5b).
Age homogenization of V. gibba median ages at
10-30 cm thus indicates that the surface well-mixed
layer (a layer characterized by vertical age-homoge-
neity, i.e. median ages do not monotonically increase
down-core) was thicker in the past than during the
deposition of the uppermost 10 cm over the last sev-
eral centuries. With the exception of abundance
peaks of a few mollusc and foraminifer species in
the uppermost 5 cm of the shell lag, the down-core
constancy in proportional abundances of molluscs
and foraminifers also indicates that the interval
between 45 and 10 cm was homogenized by mixing.

The prodelta silts in the top 10 cm of the core are
age-equivalent to less condensed muddy wedge sed-
iments closer to the shore. Po prodelta sediments
deposited during the Holocene highstand phase
can attain 3-8 m thickness in proximal positions
(Amorosi et al. 2017), with >100 cm deposited
during the twentieth century at water depths around
20 m (TomaSovych et al. 2018; Riminucci et al.
2022). In contrast, the thickness of sediments that
overlie the maximum flooding surface at locations
eastward of the Po Delta is invariably <20 cm
(Picone et al. 2008), similarly as at our location.
Therefore, on one hand, in spite of the overall pro-
gradation, the depositional setting at the core loca-
tion has been affected by sediment winnowing
and transport by currents (and storms), and thus
by overall sediment bypassing and starvation due
to its distance from the Po della Pila mouth (c.
30 km, Fig. 11). On the other hand, the uppermost
unit still documents an increase in net sedimentation
rate in comparison to the underlying shell lag. This
stratigraphic shift in sedimentation rate probably
reflects the increase in terrigenous supply due to
the onset of more rapid Po delta progradation c.
2000 years ago (Amorosi et al. 2019) and the sub-
sequent shift of the Po River northwards to its
present-day position ¢. 800 years ago (Correggiari
et al. 2005), which brought the main delta outlets
closer to the core site (Fig. 11). A decline in the
strength of the thermohaline circulation in the twen-
tieth century (Vilibi¢c et al. 2013) could have
enhanced the persistence of fine sediments, and
thus contributed to higher net sedimentation rates.
Although the uppermost 10 cm formed by silts
can represent transient or ephemeral deposits at lon-
ger geological time scales, this unit is still important
in archiving changes in the ecosystem composition
that took place over the past centuries.
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The age offsets between the intertidal species L.
mediterraneum and the subtidal species V. gibba
co-occurring in the upper 60 cm of the core docu-
ment environmental condensation of benthic assem-
blages (e.g. Fiirsich 1978; Kidwell 1998, 2013).
While V. gibba shells range in age from several thou-
sand to less than 50 years, L. mediterraneum shells
are all almost 10 000 years old (Fig. 5a). Although
specimens of L. mediterraneum occur in the upper
part of the core within the V. gibba-dominated
shell bed, their age range is remarkably narrow rela-
tive to the duration of marine deposition at this loca-
tion. The two species are thus characterized by vastly
different scales of time-averaging (IQR of L. medi-
terraneum = 310 years, IQR of V. gibba = 3750
years). At 9000-10 000 years ago, when the sea
level was around 45 m lower than today, shallow-
water shoreface habitats preferred by L. mediterra-
neum were located along the shoreline about 60 km
to the SSE relative to the present-day position of
the sampling station. L. mediterraneum shells were
thus extensively transported landwards to the
NNW by storms or by tidal currents during the late
transgressive phase, to the location of the coring
site. In a similar example, Flessa (1998) described
the long-distant transport of shells of an intertidal
species in landward and seaward directions during
the Holocene transgression of the southern North
Sea. L. mediterraneum in other studies of Holocene
transgressive strata in the Northern Adriatic Sea
occurs in highly condensed assemblages that under-
went sediment reworking and starvation, even in the
absence of transport (Scarponi et al. 2013, 2017).
However, the rarity and poor preservation of the L.
mediterraneum in our core is inconsistent with
very high abundances typically reached by this spe-
cies in intertidal habitats. Therefore, their low abun-
dance points to lateral transport of a few shells rather
than to in situ reworking from previous lagoonal or
shore-face deposits eroded during the transgression.
L. mediterraneum thus inhabited habitats during the
transgressive phase that were located seaward rela-
tive to the sampling site. Ages of plant remains
from the lower part of the core demonstrate that the
sampling site was at that time still a part of
a floodplain.

Decline from millennial to centennial
time-averaging resulting from shifts in
sedimentation and mixing

Multi-millennial time-averaging and age homogeneity
that characterize the shell lag of the transgressive sand
sheet were produced by (1) very low net sedimentation
rate (owing to winnowing and sediment bypassing
induced by longshore currents and storms) and (2)
deep bioturbation that age-homogenized the shell

lag. These processes led to condensation and
co-occurrence of mainly autochthonous—parautochth-
onous but non-contemporaneous skeletal remains.
V. gibba shells are mostly well preserved, and proba-
bly correspond to autochthonous or parautochthonous
assemblages inhabiting the seafloor during sea-level
stabilization at shallow-subtidal water depths during
the deposition of the shell lag and the overlying pro-
delta silts. Time-averaging declines markedly across
this transition, from millennial scale at 5-32.5 cm to
centennial scale at 0-2.5 cm. Although the main
decline in time-averaging is located in the lower part
of prodelta silts (5-7.5 cm), the age distribution of V.
gibba is bimodal in this increment. It consists of two
age modes with five shells younger than 400 years
and five shells older than 2400 years (Fig. 5a, b).
Therefore, this shift in the scale of time-averaging
was probably pushed upward by recent exhumation
of old shells from the lag into the overlying sediment
increments by burrowers. The rhodolith that is located
at the same sediment depth as the assemblage of V.
gibba with the bimodal age distribution is coeval
with its younger mode. The rhodolith grew in situ
under very slow sedimentation and occasional over-
turning by currents for minimum c. 300 years at the
same time as the shells of V. gibba belonging to
the younger mode entered into a death assemblage
(now at 5-7.5 cm depth). The up-core decline in time-
averaging is caused partly by the increase
in sedimentation rate (i.e. from c. 0.05 mm a~ " in the
shell lag to ¢. 0.5mma™' in the upper 5cm,
Fig. 5d). However, the present-day mixing depth
located below the sediment—water interface as shown
by shell-age profiles is unusually low, not exceeding
5 cm. This limited thickness contrasts with the 10-20 -
cm-thick mixed layers (similarly detected on the basis
of age-homogeneity of shells) observed at sites with
fast and slow sedimentation, e.g. at the Po prodelta
(TomaSovych et al. 2018), in the Gulf of Venice (Gall-
metzer et al. 2019) or in the NE Adriatic Sea (Tomaso-
vych et al. 2021). Age-homogeneity of V. gibba
between 10 and 32.5 cm and the decrease in median
age in the uppermost 7.5 cm indicate a temporal
decline in intensity of vertical sediment mixing by bio-
turbation in the twentieth century, further contributing
to the limited time-averaging in the uppermost 5 cm.
These two factors ultimately allow the preservation
of eutrophication proxies in the uppermost portions
of the stratigraphic record.

The expression of eutrophication in
geochemical and palaeoecological proxies

Increasing major (Al) and trace elements (Cr, Hg, Ni,
Pb, Zn), coinciding with a higher content of finer par-
ticles, might indicate a change in sediment delivery
or a change in source area. Higher values of Ni and
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Cr in the upper part of the core can be partly driven
by the erosion of ophiolite complexes outcropping in
the Western Alps and northwestern Apennines
(Bianchini et al. 2013; Greggio et al. 2017). In sur-
face sediments of Po Delta lagoons, the concentra-
tion of Ni exceeds the ERM and despite resulting
from natural geological processes, these concentra-
tions can have an ecotoxicological effect (Zonta
et al. 2019). A significant anthropogenic source of
Cr has been identified in the Brenta River (Juracic
et al. 1986; Nimis et al. 2002), due to tanneries
and galvanic industries located in its drainage
basin. The noticeable increase of Hg concentration
in facies 4 (prodelta silts) corresponds to an enrich-
ment that is independent of the grain size effect
(i.e. the increase in Hg is unrelated to changes in
grain size) observed elsewhere in surface sediments
of the Northern Adriatic Sea (Fabbri et al. 2001).
Consequently, Hg concentration in prodelta silts
can be linked to anthropogenic factors. Multiple
sources of the Hg enrichment exist in the Northern
Adriatic Sea, including cinnabar mining in the Idrija
district (western Slovenia), from where Hg is trans-
ported by the Isonzo River into the Gulf of Trieste
(Covelli et al. 2001; Acquavita et al. 2012) or
waste minerals from industrial processing of zinc
in the Gulf of Venice (Donazzolo et al. 1981).
Main sediment source, and consequently source of
heavy metals, at our sampling site is the Po River
(Fabbri et al. 2001). The observed Hg and Ni con-
centrations lie below ERM but exceed the ERL and
thus might cause ecotoxicological effects.

Elevated concentrations of Pb and Zn in the stud-
ied core are consistent with significant enrichment of
these two elements found at other locations of the
Northern Adriatic Sea (Greggio et al. 2017; Natali
and Bianchini 2018). Boldrin et al. (1992) identified
the Adige River as a potential source of Pb for the
Adriatic Sea as a consequence of the absorption of
this metal on the detrital particles in the drainage
basin of the river. Zinc enrichment can reflect an
increase in the frequency of boating activities due
to its use as biocide agents in antifouling paints
(Campos 2003). Zinc is common to all industrial
and urban areas, being one of the most used metals
in the world (Ademoyero and Gan 1994). Lead
enrichment is typically caused by elevated general
atmospheric emissions caused by the combustion
of fossil fuels used until the beginning of the twenty-
first century (Migani et al. 2015). Although the
strong up-core increase in total nitrogen or total
organic carbon in the surface mixed layer is expected
owing to diagenesis of organic matter even in the
absence of eutrophication, these trends are associ-
ated with stratigraphic increase in abundance of
taxa preferring organic-rich sediments. In our
core, proportional abundances of an organic-loving
benthic foraminifer (Nonionella sp.) and molluscs

(V. gibba, T. tricarinata) increase in the uppermost
10 cm. V. gibba exhibits an increase in shell size in
the same stratigraphic interval. Although centen-
nial-scale time-averaging in the uppermost incre-
ments does not allow us to disentangle the specific
contributions of eutrophication and pollution at
higher, decadal or yearly resolution, the intensifica-
tion of anthropogenic impacts during the twentieth
century is still expressed in the stratigraphic record
as distinct trends in abundance and size structure of
species responding to eutrophication and changes
in concentrations of heavy metals.

Conclusions

The 300 cm-long gravity core preserves the deposi-
tional record of the Holocene transgression in the
Northern Adriatic Sea, expressed by, from bottom
to top: (1) alluvial and transitional sediments
assigned to the TST; (2) a shell-rich lag capped by
the maximum flooding surface; and (3) a thin veneer
of prodelta silts of the HST that preserves the signa-
tures of human impacts such as eutrophication and
pollution. Bulk geochemical analyses document a
significant increase in the concentrations of major
(Al) and trace elements (Cr, Hg, Ni, Pb, Zn), and a
strong up-core increase in organic enrichment in
the uppermost 10 cm of the core. The distributions
of postmortem ages of V. gibba shells, as well as
the growth and encrustation of the rhodolite, and
the excess 2'°Pb activity reveal a strong shift in sed-
imentation rate in the younger sedimentation history.
Starting from ¢. 0.05 mm a~" during the deposition
of the shell lag, the sedimentation rate increased to
0.5mm a~"' during the deposition of prodelta silts
(Fig. 5). Shell ages of the bivalve L. mediterraneum
indicate episodes of landward transport (up to 60 km
landwards) and long-term reworking (up to ¢. 10 000
years) during the Holocene transgression. Median
ages of V. gibba document age-homogenization and
millennial time-averaging of molluscs within the
shell lag over the past centuries (but prior to the
twentieth century). Surprisingly, the overlying 10
cm-thick prodelta silts are not age-homogenized,
reflecting a limited thickness of the present-day sur-
face mixed layer owing to the recent decrease in the
depth of bioturbation. Owing to the limited present-
day mixing and temporarily higher sedimentation,
the uppermost core increments thus still capture a
decline in grain size and an increase in the propor-
tional abundance and size of species benefiting
from eutrophication.
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