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Abstract:

This multidisciplinary case study of two preserved barrier systems combined the analysis of
radiocarbon datings, grain-size distributions, high-resolution seismics, and shelf bathymetry with
reconstructions of palaeo-environmental conditions (tides, waves, sea-level change) and forward
modelling of barrier—lagoon systems, to provide an integrated view of the coastal transgressive
evolution of a large sector of the northern Adriatic shelf between 15 and 8 ka BP. Palaeo-
environmental reconstructions point to increased tidal amplitude, low-energy wave climate and high
rates of sea-level rise (up to 60 mm/a) during the formation of the oldest preserved barrier system (not,
vert, similar90 m water depth; 14.3 cal ka BP). A younger barrier system (42 m water depth; 10.5 cal
ka BP) formed under conditions of lower tidal amplitude, higher wave energy and a lower rate of sea-
level rise (10 mm/a).

Forward modelling suggests that the probability of barrier-island overstepping during transgression is
inversely proportional to tidal amplitude, if all other factors are assumed equal. The oldest barrier—
lagoon system developed under conditions of large tidal amplitude, which permitted rapid
transgression. However, this system apparently failed to keep up with the anomalously high rate of
sea-level rise resulting from melt-water pulse 1A. The youngest barrier system appears to have
drowned in place due to antecedent topography. As the barrier system transgressed over an ancient
Pleistocene alluvial plain, the rapid increase in backbarrier accommodation caused an abrupt
disequilibrium between shoreface and backbarrier sedimentation, which led to barrier overstepping.
Although BarSim modelling indicates that tidal deposition can reduce the probability of barrier
overstepping, there are other driving mechanisms (in our case extremely rapid sea-level rise and
antecedent topography), which are more determinative in explaining the transgressive coastal
evolution of barrier—lagoon systems in the northern Adriatic Sea.

Grain-size analysis of shoreface deposits sampled above the transgressive ravinement surface across
the northern Adriatic shelf indicate a distinct relation between the sediment grain size and the rate of
sea-level rise during deposition, which implies that progressive sorting must have been highly
effective.

Keywords: sea-level rise, transgression, barrier-lagoon system, tidal amplification, forward modelling,
progressive sorting.
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1. Introduction

Late Quaternary clastic transgressive coasts often consist of typical barrier-lagoon
systems that continuously migrate landwards as sea level rises (e.g., Swift, 1968;
Belknap and Kraft, 1981; Nummedal and Swift, 1987). This type of transgression
(continuous retreat; Swift et al., 1991) is generally accepted as the dominant type of
retreat. However, Rampino and Sanders (1980, 1982, 1983) describe a more
controversial discontinuous retreat model (see discussions by Swift and Moslow,
1982; L eatherman, 1983) which assumes that a barrier system may be overstepped if
the rate of sea-level riseisfast enough to drown the complete barrier in place while
the shoreline steps landward. Rampino and Sanders (1980) lend credence to their
theory by identification of offshore lagoonal deposits and bars, but they were not the
first to describe the overstepping theory. Curray (1964) and Swift (1968) described a
mechanism whereby barriers tend to grow upward during transgression until their
enlarged lagoons trap so much sediment that the barrier is overstepped. Shoreface
reworking generally destroys all evidence of the mode of retreat, thus leaving little
evidence for the discontinuous retreat model. However, Forbes et a. (1991) illustrated
barrier overstep for gravel barriers while Gardner et a., 2005 and Gardner et a., 2007
show preserved barriers at the outer shelf from high-resolution multibeam surveys.
Here we present a new dataset based on a palaeo-environmental reconstruction for the
Northern Adriatic Shelf which may shed a new light on the discussion of barrier

overstep versus continuous retreat.

The Adriatic Seais alow-gradient shelf seain which sediment accumulated during
the last transgression to form a continuous record in the centre of the basin and a set
of discrete sediment bodies on the shelf. The latter are represented by two isolated
areas comprising preserved barrier-lagoon deposits, which originated during the Late
Pleistocene and Holocene sea-levd rise (Trincardi et al., 1994; Correggiari et al.,
1996a; Cattaneo and Trincardi, 1999). The barrier-lagoon deposits occur at different
present-day water depths. They are separated from one another by a distance of more
than 150 km and by atime interval of nearly 5000 years. Each of the sediment bodies
represents a snapshot of coastal evolution during the post-glacial sea-level rise which
started around 18 ka BP (Fairbanks, 1989; Bard et al., 1996).



120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

A comparative analysis of the two barrier-lagoon systems was carried out by means of
amultidisciplinary approach in which analysis of various types of data (shallow
seismics, core descriptions, grain-size distributions and radiocarbon dating) was
combined with process-response simulation of barrier-lagoon systems under
conditions of rapid sea-level rise. Forward modelling is based on an adaptation of
BarSim (Storms, 2003). The inferred rates of post-glacial sea-level rise under which
the two systems evolved far exceeded any observed in historical times, which
indicates that these isolated barrier-lagoon systems cannot be directly compared to
modern coastal environments. However, understanding their dynamics is essential
since they provide well-documented ancient analogues to possible future scenarios of
coastal evolution under conditions of accelerated sea-level rise. In the Adriatic region,
the isolated sediment bodies are al'so of commercial interest, because they represent

exploitable resources of clean sand.

2. Geological setting of the Northern Adriatic shelf

The Adriatic Seais a mid-latitude semi-enclosed rectangular basin bordered to the
Southwest by the Apennines, to the North by the Alps and to the Northeast by the
Dinaric Alpes. The Adriatic Seais on average 200 km wide and approximately 800
kmlong (Fig. 1). It may be subdivided into three bathymetrically distinct regions. The
northern region consists of a 300 km long south-sloping low-gradient continental

shelf bordered by the 120-m isobath. The adjacent middle region comprises several
slope basins, including the Meso-Adriatic Depression (=MAD), which has a
maximum water depth of 260 m. The southern region, which is connected to the
Mediterranean Sea by the narrow Strait of Otranto, is much deeper (up to 1200 m).
The shelf North of the Gargano Promontory is a modern foreland basin related to the
Cenozoic emplacement of the Apenninic chain (Argnani et a., 1991). The depth of
the base of the Pliocene increases landward from 1 to 3 km, which indicates high rates
of tectonically induced flexural subsidence north of the Gargano Promontory during
the Quaternary (Pieri and Groppi, 1981; Waschbusch and Royden, 1992; Ridente and
Trincardi, 2002). Subsidence patterns in the Northern Adriatic basin over the last 15
ka are poorly constrained (Pirazzoli, 2005).
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The Northern Adriatic shelf is characterized by avery low gradient in its northern and
central parts, and a high gradient in the southwest. During the Last Glacial Maximum
(=LGM), an approximately 300 km wide stretch of the Northern Adriatic shelf was
subaerially exposed. The drainage network on thislarge aluvial plain likely
comprised a“MegaPo” trunk river, with the Alpine and Apenninic rivers as
tributaries. The system terminated in alowstand delta located at the northern edge of
the MAD (Trincardi and Correggiari, 2000; Ridente and Trincardi, 2006). High-
resolution seismic surveys have indicated the presence of isolated incised valleys at
various locations on the shelf, and systematic mapping of the L ate-Pleistocene palaeo-
Po valley isbeing conducted within the national (ltalian) project Cartografia Marina
(Trincardi and Argnani, 2001; Trincardi et al., 2004). Preliminary work shows that
incised valleys and channels are not continuous but appear locally deepened or
completely erased in other areas and depth intervals (Trincardi et al., 1994). Prior to 9
ka BP, sedimentation in the coastal plain (the present onshore) was restricted to the
incised valley of the Po and its tributaries, while pedogenesis took place on the
interfluves (Amorosi et a., 2003). Sediment supply by the Po River and various
smaller Apenninic and Alpine rivers has been significant during the Late Quaternary
sea-level rise (Kettner and Syvitski, in press), whereas sediment input from the
Dinarides has been negligible due to their carbonatic lithology and the presence of
nearshore structural basins acting as sediment traps. The maority of the fluvia
sediment, which was fine grained, has been trapped in an elongated mud wedge along
the high-gradient south-western shelf (Fig. 1; Cattaneo et d., 2003) due to the
presence of an anti-clockwise circulation pattern. This coast-hugging oceanic current
reflects a combination of wind forcing by Bora and Sirocco and thermohaline
circulation (Decouttere et al., 1998). It isinferred to have been active since the late
Pleistocene, ~15 ka BP (Trincardi et al., 1994; Correggiari et a., 1996b; Cattaneo and
Trincardi, 1999). Consequently, the northern part of the shelf acted as a bypass zone
and has been starved of sediment during the past 15 ka.

The late-Quaternary transgressive deposits of the northern shelf consists of two main
isolated shallow-marine sediment bodies |ocated at approximately 90 m and 42 m
below present sealevel (Fig. 2). These isolated sediment bodies are interpreted as
preserved barrier-lagoon complexes. The average rate of transgression between the

120 m and 26 m isobath, corresponding to the inferred coastline positions at 19 ka BP
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(LGM) and 9 ka BP, respectively, was 28 m/a. The rate of transgression was even
higher during the two melt-water pulses (Fairbanks, 1989; Clark et al., 2002; Liu and
Milliman, 2004). Such rates of transgression far exceed any observed during historical
times, which indicates that these ancient barrier-lagoon complexes cannot be directly

compared to modern depositional systems.

3. Palaeoceanogr aphic conditions

3.1. Sea-level history

Although the Mediterranean and Adriatic seas are semi-enclosed basins, they
remained connected to the Atlantic Ocean during the LGM. Thisimpliesthat the
eustatic sea-level curve should be applicable to the Adriatic Sea. Coastal dynamics are
highly sensitive to changes in the rate of sea-level rise, especially on low-gradient
shelves such asthe Northern Adriatic. It is therefore important to constrain the rates
of sea-level rise during the timeinterval corresponding to the formation of the barrier-
lagoon systems as accurately as possible. Liu and Milliman (2004) presented new data
to refine the depth ranges and timing of melt water pulses MWP-1A (96 to 76 m
below present sealevel; 14.3 t014.0 ka cal BP) and MWP-1B (58 to 45 m below
present sealevel; 11.5t0 11.2 kacal BP). Asthetime interval of interest to this study
is between 15 ka BP and 8 ka BP, we used the Liu and Milliman (2004) curve, and
extended it with datafrom Fleming et a. (1998) for the interval between 10 ka BP
and 8 kaBP (Fig. 3).

Reconstruction of arelative sea-level curve applicable to the Northern Adriatic
requires that the eustatic signal be combined with information on local subsidence due
to tectonics, sediment loading and compaction. Although such information is
available for some areas of the northern Adriatic, for instance the modern Po plain,
where subsidence rates are locally up to 2 mm/a (Brunetti et a., 1998; Carminati and
Di Donato, 1999), there is no comprehensive analysis of vertica movementsin the
offshore (Pirazzoli, 2005). In the Venice area, the average subsidence rate over the
past 400 kais estimated to be 0.36 mm/a, based on data from a 950 m deep core (Kent
et a., 2002). About 60 km south of the present Po delta, the Eemian shoreline (~120
kaBP) isidentified at 120 m depth below the modern coastal plain of Ravenna
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(Amorosi et a., 1999). Thiswould suggest an average combined subsidence and
compaction rate of about 1 mm/a. In the north-eastern part of the Adriatic, however,
relative sea level appears to have been stable during the late Holocene (Pirazzoli,
2005). Subsidence rates further to the south are poorly known, but the presence of a
pal aeo-shoreline (lowstand delta) at ~120 m water depth (Trincardi and Correggiari,
2000) indicates that the local sea-level lowstand closely matches the inferred global
(eustatic) lowstand of ~125 m below present sealevel (Fleming et al., 1998), which
would imply that net subsidence in the area North of the MAD has been negligible. In
the absence of detailed information on subsidence patterns of the northern Adriatic
shelf, we decided to adopt the uncorrected eustatic sea-level curve as a proxy of
relative sea-level history. The corresponding transgression scenario was compared to
an extensive set of radiocarbon datings of backbarrier peat (Correggiari et al., 1996a;
Trincardi and Argnani, 2001, ISMAR, unpublished data) to examine the validity of

this assumption (see below).

3.2. Palaeo-tidal regime

The northern Adriatic is presently characterized by a micro-tidal regime. The lunar
semidiurnal M2 tidal amplitude increases from south to North due to adecrease in
water depth. Offshore of Venice, the M2 tidal rangeis about 0.2 m. Locally, tida
ranges may be up to 1 m due to resonance effects in embayments, for instance near
Trieste (Bondesan et al., 1995). Although several models were developed to simulate
present-day tidal dynamicsin the Adriatic (Ma&i¢ et al., 2000; Cushman-Roisin and
Naimie, 2002) little is known about palaeo-tidal regimes. Of particular interest in the
context of this study is whether the el ongate land-locked Adriatic basin may have
exhibited transient tidal-resonance effects during the post-glacial sea-level rise, which
caused the basin to widen and changed its shape (Cattaneo and Trincardi, 1999). If so,
traces of this response may be preserved in the sediments.

To test this hypothesis, we developed a simple idealized 1-D model for tidal motion,
in which the Adriatic Sea was assumed an elongated box and cross-sectional
variations in water depth were neglected. The present bathymetry of the northern shelf
was used to derive an approximation of theinitial (lowstand) topography in the form

of aseries of line segments (Fig. 4). This profile represents the water depth along the
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axis of the basin. In order to properly approximate the basin in 1-D, atransversally
averaged effective depth has been used, biased towards the (deeper) parts with higher
velocities. The effective water depth D was defined by multiplication of the maximum
depth along the central axis by 0.85. In the analytical model, the influence of the
Earth’srotation is not taken into account and friction is neglected, which implies that
no damping occurs. Because the amplitude of the tidal motion is small and the
wavelength islargerelative to D, the 1-D linearized shallow-water equations have
been used:

o o -
E+&[D(x)u]—0

ou 0
o Iax ,
where:

¢ =, (t) at the open (southern) boundary

J,u< oo at theclosed (northern) boundary

In the above equations, D(X) is the longitudinal depth profilein km and g isthe
gravitational acceleration in m?/s. The x-coordinate runs northward along the central
axis of the basin. The variable { denotes the water-level elevation (m) relative to the
water-level elevation at rest, and u is the averaged velocity (m/s) in northward
direction. Water-level elevation is prescribed to be (e = o, cos(wt) at the open
(southern) boundary. The angular forcing frequency for the M2 semidiurnal tidal
component is mwz = 2rt / 44700 = 1.4+10* rad/s and the present tidal amplitude at the
connection between the Adriatic and the Mediterranean Seais wem2 = 0.08 m. For the
K1 diurnal tidal component these numbers are wx; = 2rt / 86162 = 7.3+10 rad/s and
wex1= 0.04 m, respectively. Palaeo-tidal responses at various sea levels have been

computed for the same forcing conditions.

The tidal amplitudes are shown as a function of coastline position x for different Late
Quaternary sealevels (Fig. 5). The length of the basin increased over time as sealevel

rose. The results for the present-day situation correspond well with the observations
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reported by Polli (1960). For the K1 tidal component, the fit depends significantly on
the depth-correction factor of 0.85, whereas the results for the M2 tidal component are
relatively insensitive to this correction. Modelling results show that amplification of
the M2 tidal component was most pronounced at x = 317 km, where at present the
water depth is 75 m along the central axis. Because damping due to friction for
exampleis not included in this simple model, the resonance leads to a singular
response in that situation. In reality, radiation of energy into the Mediterranean Seais
expected to keep amplification within reasonable bounds. On the other hand,
amplification of the K1 tidal component increases with rising sea level. Although the
exact tidal ranges are speculative, due to limitations of the model and uncertaintiesin
boundary conditions, the modelling results clearly suggest that the older of the two
barrier-lagoon systems was tidally influenced. Hence, cores and seismic profiles of
backbarrier deposits may show remnants of tidal flats and channels. The tidal range
decreased rapidly during subsequent sea-level rise, which indicates that tidally

influenced transgressive deposits are much less likely to occur at shallower depths.

3.3. Palaeo-wave climate

Two major storm fields force the wave field in the Adriatic: the Bora and the Sirocco.
During Bora storms, the wind is blowing from the northeast whereas Sirocco storms
are characterized by steady winds from the southeast (Decouttere et al., 1998). The
shape of the wave spectrum depends on the fetch length and the duration of the storm.
Sirocco winds typically blow along the axis of the Adriatic Seafor several days and
cause high swell waves in the northern part of the basin. In addition, the surge that
accompanies a storm with aten-year recurrence interval elevates average sealevel in
the Northern Adriatic by morethan 1 m (Yu et al., 1998). The waves generated during
a Sirocco event (large fetch and associated surge) are expected to be the most

effective for reworking of shallow-marine sediments.

Asthe shallow northern Adriatic shelf flooded during the Late-Quaternary sea-level
rise, its areaincreased sevenfold and the fetch increased significantly. The fetch
increase is especialy relevant for Sirocco events, during which the wind direction is

paralel to the elongation of the basin. Significant wave height and period

10
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corresponding to a given fetch have been calculated using equations for fetch-limited
conditions (Corps of Engineers, 1984):

H, =5.112.10"U,/f

T, =6.238-1023u, f

where Hs is the significant wave height (m), f isthe fetch (m) and Ty, is the period (s)

of the peak of the wave spectrum. U, is adjusted wind speed (m/s), given by:

U, =0.71U*3

where U isthe wind speed at 10 m above the water surface. The direction of wave
propagation is set equal to the wind direction (cf. Slingerland and Keen, 1999). In this

case, wind direction is 300°, which would represent a Sirocco event.

Based on the calculations, fetch increase between the LGM and present caused an
increase of significant wave height and period by 20% and 15%, respectively. Asthe
northern Adriatic shelf has arelatively uniform slope, wave propagation during the
late Quaternary is unlikely to have changed much since the LGM. However, possible
changes in wind regime due to late Pleistocene climate changes are not included in

these equations.

3.4. Palaeo-circulation pattern

The present-day surface circulation pattern of the northern Adriatic Sea consists of a
large-scale counter clockwise baroclinic geostrophic structure with cyclonic gyres of
thermohaline origin (Ma anotte-Rizzoli and Bergamasco, 1983; Orlic et d., 1992;
Artegiani et a, 1997). Asaresult of this counter clockwise circulation, afine-grained
sediment wedge (Fig. 1) isformed that consists of Po and the Apennine derived
sediments that are dispersed southward and deposited in a narrow band along the
Italian coast down to the Gulf of Manfredonia, in the area south of the Gargano
promontory (Cattaneo et a., 2003). Analysis of high-resolution seismic data

combined with radiocarbon datings from numerous cores indicate that the

11



354
355
356
357
358
359
360
361
362
363
364
365

366
367

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

transgressive portion of the sediment wedge is 40 to 50 km wide and up to 25 m thick.
The transgressive deposits have been subdivided into three intervals of which the
lowest (pre 15 ka BP) shows a patchy distribution of sediment depocenters, whereas
the middle and upper units display a dominant alongshore trend similar to the modern
sea-level highstand deposits (Cattaneo and Trincardi, 1999; Cattaneo et al., 2003).
The architecture of the middle unit (deposited between 14.8 and 11.3 cal ka BP)
reflects atransitional period in which the modern oceanographic circulation pattern
was established. Hence, it appears from the stratigraphic data that the counter
clockwise current was initiated ~15 ka BP, most likely as aresult of theincreasein

basin size due to sea-level rise (Cattaneo and Trincardi, 1999).

3.5. Palaeo-environmental synthesis

A summary of the reconstruction of palaeo tides, wave climate, and rate of sea-level
changeis given in Figure 5a-c, which shows the various controlling factors as
function of coastline position along a profile of the Northern Adriatic shelf from the
MAD to Venice. Thetidal amplitude derived from the analytical model reached a
maximum during the early phase of transgression, when the coastline was located
close to the edge of the MAD. The amplitude decreased gradually until it reached its
present value at around 11 ka BP. The wave climate gradually changed as sea level
rose. Rates of sea-level rise varied greatly, with two distinct peaks corresponding to
melt-water pulses 1A and 1B (Fairbanks, 1989).

The eustatic sea-level curve (Fig. 3) was combined with the present-day bathymetry
of the Northern Adriatic shelf along the profile (Fig. 5d) to reconstruct palaeo-
coastline positions during transgression (Fig. 5e). Coastline position has been plotted
together with the available radiocarbon dates of backbarrier deposits at the
appropriate water depths. All radiocarbon datings cluster about the curve of palaeo-
shoreline position. Modest deviations from the profile can be observed, which reflect
uncertainties in palaeo-water depths of the samples from which the radiocarbon
datings were obtained, in conjunction with uncertainties in radiocarbon ages, and
local topographic variability, as not al samples are located on the profile (Fig. 2). The
data appear to be fully consistent with the reconstructed shoreline evolution, which
justifies our assumption that net subsidence along the profile can be considered

negligible (provided the sea-level curveis correct). Although the melt-water pulses

12
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only represent 3% of the time span for the Late-Quaternary sealevel rise, their effect
isvery significant as an estimated 36% of the northern Adriatic shelf will be affected
by these extremely rapid sea-level rises, owing to its low gradient (Fig. 5d).

The radiocarbon datings show that both studied isolated sediment bodies were
deposited while the oceanic counter clockwise circulation was already active. This
implies that during formation of the barrier-lagoon systems, most of the suspended
fluvial sediment supplied to the northern Adriatic coastline was being removed by
longshore currents to be redeposited at the south-western part of the inner shelf, with
the possible exception of the coarsest fraction, which would have remained behind as

alag deposit.

4. Sedimentological interpretation

4.1. Ste A: deep barrier-lagoon system

The shelf of the Northern Adriatic Sea between 100 and 80 m water depth is
characterized by arelatively high gradient and is dissected by meandering channels
(with lateral accretion surfaces), which are up to 20 km long and between 4 and 15 m
deep. The orientation of the channels is predominantly North-South. Shallow seismic
profiles (Cattaneo et al., 2001) show alateraly persistent peat layer that rests
conformably on the pre-transgressive deposits (Fig. 6). Some channels incise below
the peat layer (seismic profile 11), whereas the bases of other channels coincide with
the peat layer (seismic profile ). Not all channels can be clearly tied to the relative
sea-level curve. Lateral-migration features, which are typical for tidal channels (see
for example seismic profile 11), are not present in channels assumed to have originated
during a phase of incision associated with sea-level fal or lowstand conditions
(Trincardi et al., 1996). The seismic profiles also suggest that most of the channels are
not filled with sediment. An exception to thisis a narrow (<500 m) incised
distributary channel of more than 15 m deep that is completely filled transgressive

deposits and which presently has no morphologica expression (seismic profile 1V).

The heterolithic infilling of the channel (Fig. 6; seismic profile V) suggests that tidal
deposition may have played an important role during this phase of the transgression.

Thetida amplification inferred from modelling for thistime interval (Fig. 5a) would

13
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provide a potential scenario for an estuarine infill of this distributary channel. As sea
level rose at arate of more than 60 mm/a (Fig. 3 and Fig. 5), the distributary channel
became an estuary and was filled with centimetre to millimetre-scale alternating silt

and clay deposits from both marine and fluvial in origin. It is uncertain whether this

channel was a distributary of the palaeo-Po or of alocal river or possibly even atidal
channel. In the latter case there would have been no local fluvia sediment source to
fill the channel and all the sediment must have been marine in origin. Seismic profile

IV shows that the top of the channel infill isformed by awave-ravinement surface
(Fig. 6).

A thin peat layer on top of older, pre-transgressive sands forms the base of the
backbarrier deposits. Its presence demonstrates that some backbarrier areas were
sheltered from sediment input (Fig. 6, seismic profilell). The peat layer is covered by
alto 3 mthick coarsening-upward sequence characteristically associated with a
transgressive backbarrier setting, suggesting that barrier islands were present during
this phase of rapid sea-level rise. The inferred age of the peat layer in core AN97-31
(14.3 ka BP; Cattaneo et al., 2001; ISMAR, unpublished data) matches the
reconstructed shoreline position at that time (Fig. 5). Two intervals consisting of lag
deposits with an erosional base overly the backbarrier deposits. The mollusc
assemblage on top of the lower erosion surface (Fig. 6; core AN97-31) is
characterized by shallow-marine species, intermixed with some brackish and open-
marine species (Cattaneo et a., 2001). The mollusc assemblage directly above the
upper erosion surface comprises predominantly open-marine species. The presence of
two superimposed erosion surfaces with shell lags of different palaeo-environmental
significance suggests that the first is associated with incision by atidal channdl (i.e, a
tidal ravinement surface). The second surface most likely represents awave-
ravinement surface as it separates shoreface sediments from backbarrier deposits
(Cattaneo et al., 2001).

4.2. Ste B: shallow barrier-lagoon system

A narrow elongated sand ridge at the 42-m isobath southeast of the modern Po delta
can be traced for about 50 km along the pal aeo-coast line (Fig. 2). Radiocarbon dating
of apeat layer at the base of the sand ridge indicates an age of 10.5 kaBP

14
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(Correggiari et a., 1996a) which agrees with the reconstructed coastline position (Fig.
5) . The morphological expression of the sand ridge strongly suggests that itisa
drowned barrier island (Fig. 2). Sediment cores (Fig. 8) from the sand ridge show a
coarsening-upward trend indicative of abarrier environment. Section V (Fig. 8)
shows that the sand ridge dips slightly towards the south. Overall the ridges are
between 2 and 3 meter thick. Two ravinement surfaces are recognised in the cores
(Fig. 8). The upper ravinement surface (Rs) originates from wave reworking during
transgression. The lower ravinement surface (tRs) most likely is caused by migrating
tidal channels (Cattaneo and Steel, 2003). Morphologically, the drowned barrier-
lagoon system shows similarities to the modern Venice lagoon with its narrow barrier
islands and extensive backbarrier area. There is no evidence of a preserved tidal delta
Petrographic composition of the barrier sands indicates a Po-type source (Colantoni et
al., 1990).

The overstepped barrier chain rests on a 25 km wide sub-horizontal platform. Seismic
profiles (IDROSER, 1985, 1990) show that small channels filled with sediments of
pre-transgressive age dominate the platform subsurface (Fig. 9). The abundant
channel fills, 2 to 5 m deep and 100 to 300 m wide, are al present at the same
stratigraphic level. Lateral channel migration isindicated by steeply dipping reflectors
(both East and Westward), which represent point bars that are up to 300 m wide (Fig.
9). Locally, channel density is up to four channels per kilometre. The seismic data
suggest that the platform may have originated as part of alow-gradient Pleistocene
aluvial (braid) plain, but no core data are available to confirm this. The platformis
bounded to the East by a steep, 5 m high escarpment that resembles the confinement
of an older river terrace.

5. Grain-size analysis

5.1. Data and results

Seven cores (three from the deep barrier-lagoon system at Site A, three from the
shallow system at Site B, and one from relict transgressive deposits in 24 m water
depth (Correggiari et a., 1996a) were sampled for grain-size analysis (Fig. 10). All

grain-size measurements were made with alaser-diffraction spectrophotometer
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(Konert and Vandenberghe 1997). All cores show typical transgressive backbarrier
sequences overlying pre-transgressive sediments. The pre-transgressive sediments are
conformably overlain by a~30 cm thick bed comprised of mud, organic-rich mud and
peat (Fig. 10). Thisbed isfollowed by an upward-coarsening backbarrier sequence of
variable thickness, which is bounded at the top by an erosiona surface. This erosion

surface represents the wave-ravinement surface.

The grain-size distributions of the backbarrier deposits below the wave-ravinement
surface may be interpreted as mixtures of distinct end-member grain-size populations
(Fig. 10), which appear to be fixed (cf. Weltje and Prins, 2003). Within each core, the
relative abundances of these grain-size populations define overall coarsening-upward
trends. These trends reflect the change from a distal to a more proximal backbarrier
depositional environment which consistent with a transgressive barrier which in our

caseis evolves overstepped.

According to Friedman (1961) characteristics of the grain size distribution (c.f. mean
grain size and skewness) can be used to identify sediments that have been transported
under different energy regimes and transport conditions. Figure 11 shows cross-plots
of skewness and mean grain size for three different facies (sandy shoreface deposits,
silty-sandy backbarrier deposits and clayey backbarrier deposits). The cross plot for
the clayey backbarrier deposits (Fig. 11A) appears to be uncorrelated, which is not
surprising as these deposits result from suspension fallout in arelatively quiet
environment. The cross plot of the silty to sandy backbarrier deposits (Fig. 11B)
shows a clear relation between mean grain size and skewness. Inspection of the grain-
size distributions (Fig. 10) revealsthat this correlation arises from the mixing of silt
and very-fine sand sized populations. This mixing pattern isinferred to reflect several
factors: (1) distance from the barrier island, which acted as the local sand source; (2)
variability of energy conditions, i.e. fair weather vs. storms (and associated washover
deposits), to which the backbarrier is especially sensitive; (3) relative importance of
tidal deposition. Samples from the sandy shoreface above the transgressive

ravinement surface (Fig. 11C) display similar phenomena.

Overadl, the sandy backbarrier and shoreface samples (Fig. 11B and C) show a

relation between mean grain size and water depth, where the fine grained samples
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come from the deep water cores while the coarse samples are retrieved from the
shallow water cores. Thisimplies that shallow-water shoreface sands are on average
coarser-grained than shoreface sands from deeper water (with the exception of

samples from core AR 00-45).

5.2. Interpretation

Our palaeo-environmental reconstruction indicates that the barrier-lagoon systems
devel oped when the counter-clockwise circulation pattern was aready well
established (Trincardi et a., 1996). Thisimplies that the suspended sediment load
from the Po (the dominant sediment source) was effectively transported along the east
coast of the Adriatic Seawhereit is deposited in the transgressive sediment wedge
(Fig. 1). It isuncertain how much sand was | eft behind near the river mouth which
would have been a potential sediment source for the barriers. Local transport
pathways for the river sand by longshore currents may different from the prevailing
oceanic currents. Furthermore, the position of the Po during the Late Quaternary is
still poorly known. It is uncertain whether the Po was located to the east or to the west
of the barrier-lagoon system. In view of these uncertainties, it is not possible to
reconstruct the sediment supply of the barrier-lagoon system from fluvial sources.
Nevertheless, cores and seismic profiles suggest that the amount of sand on the
Adriatic shelf islow. Between the preserved two barrier-lagoon system, the pre-
transgressive Pleistocene sediments not covered by transgressive sands which implies
that the supply of sand must have been limited or local. The shoreface sand source
therefore must be a mixture of fluvia (Po) origin and reworked Pleistocene substrate
sediments. If we consider the grain size of the Pleistocene substrate to have been
spatially homogeneous and the rate of sediment supply by longshore drift limited, we
may assume that the grain-size of the shoreface primarily reflects progressive sorting
by continuous reworking (Swift et a., 1991). Such conditions cause a progressive
coarsening of the shoreface, which represents alag deposit, because fine-grained
sediment is moved to the backbarrier area and carried offshore. The latter will be
transported along with the prevailing oceanic currents to the transgressive sediment
wedge. This suggests that the amount of time available for reworking may be
mirrored in the grain size of the shoreface deposits (Guillén and Hoekstra,1996). Y e,

thisislargely dependent on both the grain-size and amount of sediment supplied in
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time by both fluvial and substrate sources. Figures 12A and B show that thereis no
relation between the rate of sealevel rise, which isafunction of reworking time, and
the grain size of the backbarrier deposits. Nor is there arelation between tidal
amplitude, wave climate and the grain size of the backbarrier deposits (not shown
here). This suggests that tidal deposition and washover are not significantly
influenced by the rate of sealevel rise. However, Figure 12C shows an overall
negative correlation between the grain size of the shoreface sands and the rate of sea

level rise.

6. Effects of tides and waves

6.1. BarSm mode

An adapted version of the numerical model BarSim (Storms et al., 2002; Storms,
2003; Storms and Swift, 2003) was used to evaluate the effects of tidal and washover
on coastal deposition during asealevel rise. In contrast to other cross-shore models
(e.g. Cowell et al., et al., 1999) BarSim is not constrained by the Bruun rule (Bruun,
1962) or other geometric rules (Stive and De Vriend., 1995). It has adynamic
equilibrium shoreface gradient that relates to changes in erosion and deposition at the
shoreface as a function of wave characteristics and sediment supply. BarSim
simulates coastal evolution in cross-section, based on rules for sediment resuspension
and deposition at the shoreface, as well as backbarrier deposition (Fig. 13). Previous
applications of the model have shown that BarSim is capable of reproducing the
morphological evolution and stratigraphic record associated with retrogradational,
aggradational and progradational wave-dominated shorelines. As the model has been
described in detail in previous publications, we will restrict the discussion to the

implementation of tidal deposition into BarSim.

BarSim simulates different depositiona patterns for storm and fair-weather
conditions. Storm conditions, defined by waves exceeding a critical height, last for
short periods only, during which washover and shoreface deposition are dominant
(Storms, 2003). Fair-weather conditions between successive storms, as modelled by

BarSim, can last for severa years. Over such long periods, tidal deposition may have
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asignificant influence on backbarrier deposition, for instance by decreasing

backbarrier accommodation.

Therate of tidal deposition is afunction of tidal amplitude, tidal prism, tidal basin
area, rate of sediment supply, and sediment grain size (Van Goor et a., 2003; Chang
et a., 2006). In view of the uncertainties associated with each of these factors on
geological time scales, we did not attempt to simulate the full complexity of tidal
deposition, but restricted ourselves to capturing its essential effects on backbarrier
accommodation. In BarSim, the rate of tidal deposition is modelled as a linear
function of tidal prism (tidal amplitude x basin width). In the absence of washover
processes during fair weather conditions, all sediment resuspended from the shoreface
by fair-weather wavesis potentially available for tidal deposition. The grain-size
distribution of sediments available for tidal deposition is different from the grain-size
distribution of the resuspended shoreface sediment. In BarSim, it is assumed that
deposition of the sand fraction is limited to the tidal channel, and tidal-flat deposits
are much finer grained. Therefore, we assumed as a first estimate that 30% of the sand
which is available at the shoreface will can be transported to the backbarrier area
based on an evaluation of the overall ssimulated backbarrier fill grain-size distribution.
This number will depend on local conditions, but at present no data exists to tune this

variable to real-world examples of tidal deposition.

Since BarSim isa 2D model that simulates cross-shore barrier behaviour, the cross-
shore profile should be interpreted as averaged over one coastal cell, thereby
including both the shoreface and the tidal deltas areas. Most of the sand transported
by the tidal simulation will thereforein reality end up astidal deltas.

The upper limit on tidal deposition is determined by the backbarrier accommodation.
In case the amount of sediment available for tidal deposition exceeds backbarrier
accommodation, the remaining sediment will be redeposited at the shoreface. An
increase in accommodation of the tidal basin under conditions of persistent sea-level
rise may lead to a situation in which the increase in accommodation of the tidal basin
cannot be balanced by sediment supply, which resultsin a gradual deepening of the
tidal basin, and eventual drowning of the barrier-lagoon system (Storms and Swift,
2003; Van Goor et d., 2003). As an example of aBarSim run, Figure 14 shows the
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simulated coastal responseto arising sealevel across an antecedent topography that
resembles the Northern Adriatic near site B. Due to the rapid increase of backbarrier
accommodation, the simulated barrier cannot retrograde and is drowned. The

sensitivity of this mechanism for wave-dominated and tide-dominated environments

is further explained below.

6.2. BarSmsimulationsin tide- and wave-dominated conditions

To illustrate the generic behaviour of transgressive barrier-lagoon systems, we
defined two scenarios which represent tide- and wave-dominated conditions,
respectively. Both scenarios comprise 5000 years of transgression while sealevel
rises 20 m at a constant rate (Fig. 15). No extra sediment is added to the simulated
system by longshore drift, nor is any sediment deposited by suspension fallout. In
Scenario 1, the wave-dominated case, tidal amplitude is zero and transgression occurs
by washover deposition exclusively. In Scenario 2, we added a macro-tidal regime
(tidal amplitude = 3 m). The modelling results show that rates of transgression are
comparable in both scenarios. However, it is apparent from Figure 15 that filling of
the backbarrier with predominantly fine-grained sedimentsis, as expected, much more
effective under macro-tidal conditions. The fine-grained sediments are trapped in the
backbarrier, implying that erosion at the shoreface is more extensive for Scenario 2
than for Scenario 1, in accordance with the closed sediment budget in both scenarios.
In Scenario 1, the depth and width of the backbarrier areaincrease, while the width of
the barrier island decreases over time, which will eventually result in abarrier-island
overstep similar to Figure 14 (Storms and Swift, 2003). A barrier-island overstep is
unlikely to occur in Scenario 2. In this scenario, the width of the tidal basin also
increases, but the increase in backbarrier accommodation is accompanied by an
increase in the tidal prism, which in turn promotes import of sediment into the tidal
basin. Hence, backbarrier deposition is much more likely to keep pace with the

increasing backbarrier width.

6.3. Implications for the Adriatic barrier-lagoon systems
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The modelling results indicate that the probability of a drowned barrier-lagoon system
isinversely proportional to tidal amplitude under conditions of moderate sea-level
rise, if al other factors are assumed equal. However, under conditions of prolonged
extremely rapid sea-level rise, no barrier-lagoon system is indefinitely stable (Storms
and Swift, 2003). Hence, under extreme conditions, it is to be expected that even tide-
dominated barrier-lagoon systems can be overstepped. The deep isolated sediment
body (Site A) appearsto be acasein point. It formed during a period of significant
tidal amplification, asindicated by the palaeo-tidal reconstruction. According to the
BarSim results, this may have prevented it from being overstepped, unless sea-level
rise was extremely rapid. The preserved stratigraphic successions at Site A strongly
suggest that a barrier-island overstep did occur in the course of melt water pulse 1A.
Thustheinferred rate of sea-level rise during that period (~60 mm/a) would have
been too high for the system to maintain a dynamic equilibrium. The high rate of sea-
level rise also explains why the system was partially preserved, because it limited the

time available for wave-reworking of the drowned barrier-lagoon deposits.

The shallow isolated sediment body at Site B represents an overstepped barrier island
in awave-dominated regime (Fig. 5). Therate of sealevel rise at the time of overstep
was relatively low (~10 mm/a), but still much higher than present-day values. The
simulations shown in Fig. 15 illustrate transgression over a planar substrate. In case of
the overstepped barrier island in the Adriatic Sea, alow gradient Pleistocene plateau
was positioned landward of theisland (Fig. 2). Backbarrier accommodation increased
abruptly when sea level rose above the elevation of the plateau. The presence of
relatively large tidal inlet-like depressions between the islands (Fig. 2) is consistent
with the abrupt increase in backbarrier area. The absence of significant backbarrier
deposits seems to indicate that tidal deposition could not compensate the abrupt
increase in backbarrier accommodation (Fig. 14). Barrier-island overstep at Site B

was therefore most likely controlled by antecedent topography.

It isnot clear why the barrier-lagoon system at Site B was so well preserved, because
the relatively low rate of sea-level rise would have alowed sufficient time for
reworking of the drowned barrier-lagoon system by wave activity. A possible
explanation may be sought in the uncertainties surrounding our reconstructions of

wave climate and local rates of sea-level rise, which controlled the preservation
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potential of the drowned barrier-lagoon system. However, other research shows
similar preservation potentia for drowned barrier-lagoon systems (Gardner et a.,
2005; Gardner et a., 2007).

7. Conclusions

In our analysis of two preserved isolated sediment bodies on the Northern Adriatic
shelf, interpreted as barrier-lagoon systems, we combined reconstructions of

pal aeoceanographic conditions and process-response simulations with analysis of
sedimentological, stratigraphic and seismic data. This multidisciplinary approach has
provided new insights into the formation and preservation of barrier-lagoon systems
during rapid sea-level rise. Our reconstructions of sea-level rise, tidal regime and
wave climate in the time interval between 15 ka BP and 8 ka BP indicated that the
conditions under which the two barrier-lagoon systems evolved were remarkably
different. The oldest system, present at Site A (80-90 m below present water depth),
formed under conditions of very rapid sea-level rise (60 mm/a), with tidal amplitude
of about 1.1 m, and waves that were about 15% lower than they are at present. Sea
level rose at about 10 mm/a during formation of the youngest system, at Site B (42 m
below present water depth), whereas the tidal amplitude was about the same as today

(~0.5 m), and wave activity was only fractionally (5%) less.

The BarSim simulations reveal that the probability of barrier-island overstepping
during transgression isinversely proportional to tidal amplitude, if all other factors are
assumed equal. Overstepping in the absence of tidesis primarily caused by the fact
that washover is the only mechanism by which sediment can be supplied to the
backbarrier area. Under micro-tidal conditions, the increase in backbarrier
accommodation during rapid sea-level rise cannot be compensated and the backbarrier
deepens, leaving the barrier island isolated from the mainland. Tidal deposition
greatly increases the rate at which backbarrier accommodation can be filled, which
implies that barrier-lagoon systems under macro-tidal conditions can remain in

equilibrium at higher rates of sea-level rise than systems under micro tidal conditions.
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The drowned barrier chain at Site B is separated from the palaeo-shoreline by awide
backbarrier. The presence of an overstepped barrier-island chain at the edge of a sub-
horizontal plateau clearly demonstrates the overriding importance of antecedent
topography on the evolution of barrier-lagoon systems. Drowning of this system
appears to have been caused by the abrupt increase of backbarrier accommodation
during transgression. It is not clear, however, why the system at Site B was not
completely reworked, contrary to expectations based on the modest rate of sea-level
rise in conjunction with the local presence of arelict sub-horizontal aluvial plain,
which would imply that the overstepped barrier must have remained within reach of
wave erosion for a considerable amount of time. The barrier-lagoon system at Site A
does not show clear morphological evidence of overstepping. Remnants of the deep
barrier system are preserved in a series of pre-existent channels dating back to a sea
level lowstand, some of which were filled with heterolithic deposits. Other channels,
which appear to have formed during sea-level rise, are not filled at all. The barrier-
lagoon system at Site A developed under conditions of large tidal amplitude, which
permitted rapid transgression due to effective filling of backbarrier accommodation.
However, this system apparently failed to keep up with the anomalously high rate of
sea-level rise resulting from melt-water pulse 1A. Its preservation is thus easily

explained, contrary to that of the barrier-lagoon system at Site B.

The grain-size analysis of locally preserved shoreface deposits across the Northern
Adriatic shelf indicates a signature of progressive sorting related to the amount of
time available for wave reworking, athough the timescal e associated with this
phenomenon could not be established in the absence of information on the

contribution of materia derived from substrate erosion.
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FIGURE CAPTIONS

Figure 1
Overview of the study area. The greyscale shows high (dark grey) and low (light
grey) lying areas. Redrawn after Kettner and Syvitski, in press.

Figure 2

(A) Overview of the Adriatic shelf with 3-D shaded bathymetry of Sites A and B.
Cores used for radiocarbon dating are indicated by closed circles. Cores shown in this
paper are indicated by black stars. (B) Bathymetric maps of the two sites with
locations of seismic profiles.

Figure 3

Merged eustatic sealevel curve (line) and associated radiocarbon datings based on
Liu and Milliman (2004) and Fleming et al. (1998). Melt water pulses 1A and 1B are
indicated.

Figure 4

(A) Schematic longitudinal section of the Adriatic Sea used in the 1-D palaeo-tidal
reconstruction. (B) Results of the 1-D model. The left-hand side shows a series of M2
and K1 tidal amplitudes. The curves start at x=0 and extend to palaeo-coastline
positions corresponding to various sealevels. On the right hand side, model results
are compared to measurements of present-day M2 and K1 tides (data from Palli,
1960).

Figure 5

Reconstructed palaeo-environmental conditions on the Northern Adriatic shelf during
post-glacial sea-level rise. The horizontal scale represents the coastline position
during the late Quaternary transgression. (A) Maximum cumulative tidal amplitude;
(B) Palaeo-wave climate; (C) Rate of sea-level change; (D) Modern bathymetry of the
Adriatic shelf, with locations of the isolated sediment bodies indicated by the white
areas with black stars; (E) Palaeo-coastline positions based on modern bathymetry
and eustatic sea-level curve shown in Figure 3. Radiocarbon datings are from
Correggiari et a., 1996a; Trincardi and Argnani, 2001, and unpublished ISMAR data
(see Figure 2 for locations).

Figure 6

Shallow seismic profiles of the deep isolated sediment body at Site A. The solid white
line separates the pre-transgressive (below) from the post-transgressive (above)
sediment. The dotted white linein profile 1 highlights lateral migration structures of a
channel. Profile locations indicated in Figure 2 (data from Cattaneo et al., 2001).

Figure7
Interpreted sedimentological data of the deep isolated sediment body at Site A. For
location see Figures 2 and 6 (data from Cattaneo et al., 2001).

Figure 8

Schematic cross-section of the overstepped barrier system of the shallow isolated
sediment body at Site B. Vertical scale represents the water depth. Sections redrawn
after Cattaneo et al. (2001).
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Figure9

Shallow seismic profiles of the low-gradient plateau at Site B. Profile VII and IX
show pre-transgressive channel deposits. The arrows in profile VII indicate the
direction of lateral channel migration. Profile V11 illustrates the transgressive deposits.
For location of the profiles see Figure 2 (data from IDROSER, 1985, 1990).

Figure 10

Grain-size data and lithofacies of seven cores taken at different water depths (see
Figure 2 for locations). Vertical lines mark the occurrence of specific grain-size
ranges (end members). Sucession of faciesis typical for transgressive barrier-lagoon
systems.

Figure 11

Mean grain size (um) versus skewness (calculated in phi units) in al coresfor three
lithofacies: (A) clayey backbarrier deposits, (B) silty to sandy backbarrier deposits
and (C) shoreface sands. Core locations and descriptions are shown in Figures 2 and
10. See text for explanations.

Figure 12

Mean grain size (um) versus the rate of sea-level rise for three lithofacies: (A) clayey
backbarrier deposits, (B) silty to sandy backbarrier deposits and (C) shoreface sands.
Core locations and descriptions are shown in Figures 2 and 10. See text for
explanations.

Figure 13
Basic concepts of the numerical model BarSim (Storms et al., 2002; Storms, 2003).

Figure 14

Example of aBarSim run for a situation comparable to the coastal evolution history at
site B. The upper panel shows that initially no barrier was present at the steep part of
the edge of the plateau. Asthe barrier formed and migrated landward (panel 2-4) the
depth and width of the backbarrier rapidly increased which led to overstepping (panel
5).

Figure 15

BarSim simulations for a transgressive wave-dominated (Scenario 1) and tide-
dominated (Scenario 2) barrier-lagoon system. Simulated time interval = 5000 years,
relative sea-level rise = 20 m. Tidal amplitude in Scenario 2 = 3 m. Gray-scale
represents mean grain size (dark = coarse, light = fine). Synthetic cores at final
coastline positions are shown on the right. (C) Super-imposed final morphologies of
the two systems.
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