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investigation by Very High-Resolution (VHR) seismic profiles allowed recognition
of the detailed architecture of the late Pleistocene and Holocene succession of the Venice area. In this way
deposits previously known by the analyses of scattered cores, mainly taken along the lagoon margin and the
littoral strips, have been correlated at regional scale including the near offshore sector and the result has
pointed out the lateral variability of the stratal architecture. Late Pleistocene deposits consist of an aggrading
floodplain and fluvial channel fills accumulated during decreasing eustatic sea level, and they are coeval with
offlapping forced regressive marine wedges in the Central Adriatic basin. The Holocene sequence is
composed of three main seismic units separated by major stratal surfaces. Unit 1 (up to 9 m thick) is formed
by channelized deposits separated by areas showing sub-horizontal and hummocky reflectors, and is
bounded at the base by a surface that records prolonged conditions of subaerial exposure and at the top by a
flatter surface resulting from erosion by marine processes. Deposits of Unit 1 are interpreted as estuarine and
distributary channel fills, and back-barrier strata. Unit 2 is well distinguishable from Unit 1 only in the
offshore area and at the barrier island bounding the Venice Lagoon, and is composed of a prograding marine
wedge (up to 10 m thick) that interacts laterally with ebb tidal deltas. Unit 3 consists of a tidal channel
complex and inlet deposits, which testify the evolution of the lagoon area. Tidal channels are entrenched in
the lagoon mud flat (coeval with Units 1–2) and cut the Pleistocene–Holocene boundary in several places.
Following current sequence-stratigraphic concepts, theHolocene sequence is composedof a paralic transgressive
systems tract (TST) (Unit 1) overlying a sequence boundary (the Pleistocene–Holocene boundary) and overlain by
a marine highstand systems tract (HST) (Unit 2) in seaward locations and by highstand lagoonal deposits
landwards. TSTand HSTare separated by a downlap surface that is amalgamatedwith awave ravinement surface
in several places. Unit 3 is coeval with the upper part of Unit 2, and its development has been favoured by human
interventions, which led to a transgression limited to the lagoon area.
Local factors during the deposition, i.e. subsidence, sediment supply, physiography, and current/wave regimes, led
to a significant lateral variability in the architecture of the Holocene sequence, as evidenced by the extreme
thickness variation of the TST along both depositional strike and dip. The HST, instead, shows less pronounced
strike variations in the stratal architecture. Also, present data clearly evidence that the human impact has a great
relevance in influencing the late Holocene sedimentation.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Numerous investigations were carried out over the last 50 yrs
aimed to acquire data for the implementation of models of the Venice
area subsoil, the last of which derived from the CARG (Geological
CARtography) Project (Tosi et al., 2007a,b). Although this project
provided a significant set of sedimentological and stratigraphic data, it
pointed out some lack of knowledge. In particular it was very difficult
to distinguish and correlate the Holocene depositional phases by using
.

l rights reserved.
cores often taken in extreme conditions such as very compressible
mud flats and shallows as those occurring in the Venice Lagoon.

Comprehensive information about the architecture of the subsoil is
required by many researches that carry out studies on the environ-
mental processes affecting the Venice Lagoon, such as land subsidence,
salt water intrusion, erosion, deposition, and sediment transport. In fact
detailed studies on the Venice area demonstrate that the impact of local
factors, such as subsidence (Carbognin and Tosi, 2002; Tosi et al., 2002;
Carbognin et al., 2004; Teatini et al., 2005), sediment supply (Bonardi
et al.,1997,1998), basinphysiography (Rizzetto et al., 2003), and current/
wave regimes (Bonardi et al., 2003), are very important for sedimenta-
tion, and this may result in a significant lateral variability in physical
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characteristics of sedimentary bodies. Recent sequence-stratigraphic
analyses evidence that the stratal architecture of sequences may vary
along both depositional strike and dip, depending on the complex
interplay between local andwider-scale factors (e.g. Trincardi and Field,
1991; Posamentier and Allen, 1993; Schlager, 1993; Gawthorpe et al.,
1994, 2003; Trincardi et al., 1994;Martinsen and Helland-Hansen,1995;
Helland-Hansen and Martinsen, 1996; Howell and Flint, 1996; McMur-
ray andGawthorpe, 2000; Rasmussen andDybkjær, 2005; Zecchin et al.,
2006; Zecchin, 2007). Also, the human impact must be considered as an
important factor influencing the late Holocene deposition.

Very High-Resolution (VHR) seismic analyses represent a very
powerful tool allowing detailed stratigraphic investigations to be
made of late Pleistocene and Holocene units. The major advantages of
studying these relatively recent successions rather than ancient
deposits consist in the good determination of sea-level fluctuations
during this time interval, and the easy recognition of factors and
processes controlling the sedimentation, which in some cases may be
very similar to those observed today (e.g. Ridente and Trincardi, 2005).

The lagoon and nearshore zone of Venice are very suitable areas to
study the relationships between factors that influenced the architec-
ture of late Pleistocene to Holocene sequences and the effect of human
impact on sedimentation during more recent times. Our knowledge
about the geological settings of the late Pleistocene and Holocene
deposits of the Venice area mainly results from analyses based on
cores that, even though collected in a large number, give only local
information (Tosi, 1994a,b). On the other hand, seismic surveys, which
can offer the possibility to correlate layers between cores, were rarely
carried out in the past because of poor results due to the extreme
shallow water in the lagoon (McClennen et al., 1997).

Although the previous researches in the Venice area led to a large
volume of publications, no works based on modern sequence-
stratigraphic analyses are available in the geological literature. This
lack has been supplied by the interpretation of newVHR seismic surveys
carried out in the framework of a research funded by the Consortium for
Coordination of Research Activities concerning the Venice Lagoon
System (Co.Ri.La., an association between the University Ca' Foscari of
Venice, the University Institute of Architecture of Venice, the University
of Padua, the National Institute of Oceanography and Experimental
Geophysics and the National Research Council and supervised by the
Fig.1. Location of the Venice area and of the performed VHR seismic lines. A northern transec
are chosen to illustrate the architecture of the late Pleistocene and Holocene sequences of the
and Venezia 1) are indicated.
ItalianMinistry of Education,Universities andResearch), Subproject 3.16
“New very high resolution seismic methods in shallows to study the
Venice lagoon subsoil” of the 2004–2007 Research Programme.

The newly acquired VHR seismic profiles have allowed an excellent
recognition of stratal geometries and the identification of systems
tracts in the modern nearshore zone and in the lagoon.

This paper uses previous and new data to construct seismic- and
sequence-stratigraphic models for the late Pleistocene and Holocene
deposits of the Venice area. Furthermore it provides the opportunity
to recognize the lateral variability in the architecture of these
sequences as well the recent human impact on sedimentation, and
allows a comparisonwith other coastal areas with particular reference
to their recent evolution subjected to the anthropogenic influence.

2. Materials and methods

In recent years, single channel Very High-Resolution (VHR) seismic
surveys have been performed in the Venice Lagoon (Fig. 1) up to a
minimum water depth of 1 m, and in the offshore area up to a
maximum water depth of 22 m (Tosi et al., 2007a,b). The acquisition
system is composed by a boomer (UWAK 05 by Nautiknord) impulsive
electromagnetic transducer and a PULSAR 2002 power unit. Output
power varied between 150 and 450 J/shot and the frequency ranged
between 300 and 9000 Hz (Fig. 2).

The theoretical resolution for theUWAK05wasabout 10 cm,whereas
penetration could reach 50 m below sea floor. The recording system
consisted of an E.G. & G. single channel output streamer composed by 8
in-series hydrophone with 270-cm active length and an Elics Delph 2-
channel digital acquisition system. The data have been processed by the
application of a gain curve for amplitude decay compensation and a
trapezoidal filter (200–300 and 4000–5000 Hz) for noise attenuation.

A Common Depth Point (CDP) static corrections algorithm has
been adapted to compute and apply the corrections to compensate for
the wave motion effects (Fig. 3).

3. Study area and geological setting

The Venice area (Fig. 1) is part of a wider foreland region located
between the NE-verging northern Apennine and the SSE-verging
t (Ch 23 and VE 115 seismic lines) and a southern transect (Ch 42 and Ch 43 seismic lines)
area (see Fig. 4). Some cores cited in the text (BH1, BH2, BH3, CARG 11, CARG 12, ISES B,



Fig. 2. Signature (left) and amplitude spectrum (right) of the seismic source UWAK 05.
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eastern South-Alpine mountain chains. Main thrusting phases on the
chain fronts, leading to a significant flexural response of the
lithosphere, occurred in the Tortonian, Messinian (eastern South-
Alpine front) and in the Pliocene (Apenninemountain front) (Pieri and
Groppi, 1981; Zanferrari et al., 1982; Castellarin et al., 1985; Vai, 1987;
Castellarin and Cantelli, 2000). During the Quaternary, a lithospheric-
scale synformal structure developed (Kruse and Royden, 1994);
consequently, the Pleistocene–Holocene sedimentary body is broadly
lenticular and pinches-out toward the chain fronts.

The Plio-Pleistocenedepositional historyand the chronostratigraphy
of the Venice area have been inferred from integrated multidisciplinary
analysis on samples from theVenezia 1 core (Fig.1), drilled in 1971 by the
Italian National Research Council down to 950 m depth (Neglia, 1972;
Favero and Passega, 1980; Favero et al., 1979; Bellet et al., 1982;
Müllenders et al., 1996; Kent et al., 2002; Massari et al., 2004). After the
deposition of shallow-marine sediments in the late Pliocene, a rapid
drowning of the basin to bathyal depths, and consequent conditions of
starved sedimentation, characterized the early Pleistocene (Kent et al.,
2002; Massari et al., 2004). These events were followed by the
accumulation of a 750 m-thick succession up to the late Pleistocene,
showing a generalized regressive trend frombasinal turbidites to deltaic
deposits and then an alternation between shallow-marine to continen-
tal sediments (Kent et al., 2002; Massari et al., 2004).
Fig. 3. Part of the data have been badly affected by wave motion (left). Common De
The high-amplitude glacio-eustatic sea-level rise that followed the
Last Glacial Maximum (LGM) promoted the formation of lagoon–
estuarine–barrier systems in the northern epicontinental Adriatic
shelf (Trincardi et al., 1994; Amorosi et al., 1999, 2003). The irregular
topography resulting from subaerial conditions during the LGM (Tosi
et al., 2007a,b) has contributed to causing the extreme variability in
the architecture of the subsequently deposited transgressive strata
(Trincardi et al., 1994; Cattaneo and Steel, 2003). For example, incised
fluvial valleys during the LGM were drowned during the following
transgression and filled by estuarine strata, whereas morphological
highs allowed the deposition of relatively thin transgressive deposits.
Human interventions, such as river diversions, dredging and digging
(Carbognin, 1992; Carbognin et al., 2000), have caused important
alterations during the last centuries, e.g. modification of both clastic
supply and local hydrodynamics. In some cases, such as in the Venice
Lagoon, human impact has caused profound alterations, which led to
an acceleration of the late Holocene transgressive domain during the
last century.

4. The late Pleistocene sequence

The Pleistocene succession is bounded at the top by an unconfor-
mity (S1) that records conditions of subaerial exposure (see below)
pth Point (CDP) static corrections can be useful to remove wave effects (right).



Fig. 4. Line drawings showing the architecture and the interpreted sequence-stratigraphic organization of the late Pleistocene and Holocene sequences (see Fig. 1 for location). The late Pleistocene sequence consists of an overall aggrading
alluvial plain, whereas the Holocene sequence is composed of three paralic to marine units (Units 1–3) separated by main stratal surfaces (S1, S2, and S3). Note the thickness variations of Unit 1 in both sections and the lack of Units 1/2 in the
modern, northern lagoonal area incised by tidal channels. HST = highstand systems tract, MFS = maximum flooding surface, SB = sequence boundary, TRS = tidal ravinement surface, TS = transgressive surface, TST = transgressive systems tract,
and WRS = wave ravinement surface.
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(Fig. 4). It is about 800m thick, as shown by previous investigations on
the Venezia 1 core (Kent et al., 2002; Massari et al., 2004). Pleistocene
deposits investigated by our seismic survey, up to 45 m thick, should
be totally referred to the late Pleistocene (Canali et al., 2007; Tosi et al.,
2007a,b) (Fig. 4). Although most of the available data of the subsoil
refer to the first 20–30 m of depth, multidisciplinary studies on three
100m-deep (CARG 11, CARG 12 and ISES B, Fig.1) and three 50m-deep
(BH1, BH2 and BH3, Fig. 1) drillings were recently carried out
(Carbognin and Tosi, 2002; Canali et al., 2007; Tosi et al., 2007a,b).
Results, compared to those from numerous cores, allowed a general
reconstruction to be made of the stratigraphic setting of the upper
Pleistocene sequence (Fontes and Bortolami, 1973; Bortolami et al.,
1977; Bortolami et al., 1985; Canali et al., 2007; Tosi et al., 2007a,b).
The stratigraphic sequence accumulated after the Tyrrhenian, until
the end of the Last Glacial Maximum, consists only of continental
deposits (Canali et al., 2007; Tosi et al., 2007a,b).

Late Pleistocene reflectors recognized during seismic surveys are
mostly sub-horizontal; nevertheless irregular and channelized shapes
are common (Figs. 4 and 5). Locally a low amplitude and low
frequency seismic facies has been recognized (Fig. 6). An overall
aggradational stacking pattern characterizes the upper Pleistocene
succession, as evidenced by the vertical stack of sub-horizontal
seismic reflectors and channels (Figs. 4 and 5).

4.1. The late Pleistocene environment

Seismic data, togetherwith numerous cores drilled in the lagoon and
littoral area (Carbognin and Tosi, 2002; Canali et al., 2007; Tosi et al.,
2007a,b), evidence that the late Pleistocene sequence is an aggrading
alluvial plain locally incised by fluvial channels (cf. Stefanon, 1984;
Ferretti et al., 1986; Canali et al., 2007). Alluvial sediments (mainly silts,
Fig. 5. The late Pleistocene sequence off the Chioggia inlet (see also Fig. 4 for location). Sub-
erosional surfaces that might correspond to the boundaries of higher-frequency Pleistocene c
possibility that the channel labelled A at the base is filled with continental or paralic depos
sands, and clays) are frequently characterized by pedogenesis. Peat beds
are common (Gatto and Previatello, 1974; Tosi, 1994a; Tosi 1994b;
Brambati et al., 2003; Canali et al., 2007; Tosi et al., 2007a,b). Seismic
reflectors inside the Pleistocene sequence may correspond to laterally
continuous peat beds or to hiatuses derived from non-deposition and
local erosion in the alluvial plain due to a decrease in the sediment
accumulation rate (e.g. Fontes and Bortolami, 1973; Tosi, 1994a; Ferretti
et al., 1986; Mozzi et al., 2003) (Figs. 4 and 5).

The origin of the low amplitude seismic facies (Fig. 6) is uncertain.
We speculate that these strata may correspond to fine-grained
sediments deposited in a lacustrine environment, like that found at
the same depth in correspondence to the next littoral of Pellestrina
(Tosi, 1994a).

4.2. Sequence-stratigraphic interpretation

The aggradational stacking pattern of the late Pleistocene sequence in
the Venice area apparently contrasts with the inferred global eustatic
drop that characterized the late Pleistocene time. In contrast to classic
sequence-stratigraphic models (e.g. Posamentier et al., 1988; Posamen-
tier and Vail, 1988), deep incised valleys were not produced during the
late Pleistocene sea-level drop in the Venice area, and a relatively thick
alluvial sequencewas deposited. In agreement with Massari et al. (2004)
we suggest that the very low gradient of the alluvial plain, similar to that
of the progressively exposedNorthernAdriatic shelf, the local subsidence
and abundant sediment supply prevented significant subaerial erosion
and promoted the deposition of the aggrading alluvial plain (e.g.
Summerfield, 1985; Woolfe et al., 1998). Despite the recognized stratal
architecture, the late Pleistocene sequenceof theVenice area corresponds
to the forced regressive systems tract (FRST) that represents the marine
part of the same sequence in the Central Adriatic basin and shows typical
horizontal, channelized and irregular reflectors are recognizable. A and B indicate two
ycles (see text). Although Holocene strata seem to be absent in this offshore location, the
its of the Holocene sequence is not ruled out.



Fig. 7. Log correlations showing the Holocene succession in the southern part of the Venice lagoon, non-calibrated C14 ages are also shown. Note the retrogradation in the lower part
followed by the progradation of the entire system that characterize the late Holocene in the Venice lagoon (logs and interpreted facies are from Tosi et al., 2007b).

Fig. 6. Late Pleistocene and Holocene sequences, separated by the S1 surface (see text), in the Venice lagoon, near the Malamocco inlet. Late Pleistocene deposits show sub-horizontal
reflectors and a continuous interval characterized by a more low amplitude seismic facies, placed immediately below the S1 surface and inferred as a possible lacustrine deposit.
Holocene deposits are composed of a lagoon mud flat showing sub-horizontal reflectors (Units 1/2 undifferentiated) and a more recent tidal channel complex (Unit 3) that shows
lateral accreting deposits and progressive fill features (see text).
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Fig. 8.Outcropping areas of late Pleistocene deposits, Units 1–3, and S1–2 surfaces. Note
the lobate profile of the Units 2–3 seaward boundary due to ebb tidal delta development
off the lagoon inlets, and the reworking of the S1 surface by the S2 surface in the south.
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offlapping clinoforms (Trincardi and Correggiari, 2000; Ridente and
Trincardi, 2005).

Moreover, it is inferred that relativelycontinuous reflectors (Fig. 5) are
related to periods of decreased sediment accumulation probably linked
to late Pleistocene climate variations (e.g. Bortolami et al., 1977; Ferretti
et al., 1986; Calderoni et al., 1998; Canali et al., 2007; Paffetti et al., 2007).

5. The Holocene sequence

In the Venice Lagoon area the Holocene sequence has variable
thicknesses: i.e. thicker in the present location of the southern littoral
area (20–22 m, Fig. 7) and reduced in thickness to at least 1–2 m
toward the inner lagoon margin and offshore in the Adriatic Sea,
Fig. 9. Units 1 and 2 off the Lido barrier island(see also Fig. 4 for location). Channelized dep
transgressive systems tract of the Holocene sequence. Unit 1 is truncated by a wave ravineme
composed of gently dipping clinoforms downlapping onto the S2 surface.
below 23–25 m water depths (Tosi, 1994a, Tosi et al., 2007a,b). We
recognize in the Holocene sequence three seismic units (Unit 1, Unit 2,
and Unit 3) bounded by stratal surfaces: S1, S2, and S3 (Fig. 4).

5.1. Key stratal surfaces

5.1.1. Surface S1
This surface separates the Pleistocene from the Holocene succes-

sion (Fig. 4). Core data evidence that S1 is locally marked by an
overconsolidated silty-clayey layer, locally known as Caranto, which is
considered a paleosoil. It is light grey with ochreous marbling,
contains carbonate concretions and has a thickness varying from a few
centimetres to 2m (Matteotti, 1962; Gatto and Previatello,1974; Gatto,
1980, 1984; Tosi, 1994a,b; Bonardi and Tosi, 1994, 1995, 1997; Bonardi
et al., 1997; Brambati et al., 2003; Tosi et al., 2007a,b). As the age of the
Holocene bottom layer varies from about 11 ka to 5 ka B.P. (calendar
years) (Tosi, 1994a; Tosi et al., 2007a,b), this surface is associated with
a stratigraphic gap ranging from 7 ka to 13 ka, representative of a
period of much reduced sediment supply or non-depositional
conditions, occurred before the beginning of the Holocene transgres-
sion (Tosi, 1994a; Brambati et al., 2003; Tosi et al., 2007a,b).

S1 tends to crop out landward and offshore (Stefanon, 1984; Lenaz
and Taviani, 1984; Brambati et al., 2003; Tosi et al., 2007a,b; Donda
et al., 2008), where Holocene deposits are thin and are easily eroded
by wave action (Figs. 4 and 8). Within the modern lagoonal area, the
S1 surface is incised by tidal channels, with up to 8 m relief (Fig. 4).

5.1.2. Surface S2
This surface is the abrupt contact between paralic and probable

fluvial deposits below and marine above. Core data show that the
contact is locally marked by a centimetre-thick layer formed by shell
debris (Tosi et al., 2007a,b). The S2 surfacemergeswith themodern sea
floor in distal offshore locations (Figs. 4 and 8), where it is covered by
very thin sediments, that are below seismic resolution, and locally by
well recognizable dunes (Fig. 4). Landward the recognition of this
surface is very difficult due to recent tidal channel erosion (Fig. 4). The
S2 surface seems to rework the S1 surface in some locations, such as off
the Chioggia inlet in the southern part of the study area (Figs. 4 and 8).

5.1.3. Surface S3
This surface bounds the base of tidal channel and inlet deposits

(see Unit 3 below) (Fig. 4). S3 is very irregular and discontinuous, and
shows marked erosional features. This surface is inferred to be
osits and channel–levee systems are recognizable within Unit 1, which represents the
nt surface (the S2 surface) and is overlain by Unit 2 (the highstand systems tract) that is



Fig.10. Large channelized deposit showing a lateral accretion and located off the Lido barrier island (see also Fig. 4 for location). This feature is interpretable as the consequence of the
migration of a point bar in a fluvial channel or in an estuary that resulted from the drowning of a previous fluvial channel entrenched in the upper Pleistocene. In both hypotheses,
this deposit is interpreted as the lower part of the Holocene sequence (Unit 1).
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relatively diachronous and formed during the late Holocene evolution
of the lagoon. Erosion by tidal currents is still active today (see below).

5.2. Unit 1

The lower part of the Holocene succession, between S1 and S2
surfaces, is composed of channelized deposits separated by sectors
showing sub-horizontal and hummocky reflectors (Figs. 4, 9,10 and 11).
Sub-horizontal reflectors onlap onto the S1 surface in the landward
direction (Figs. 4 and 11). Major channelized deposits, up to 8 m thick,
show lateral accretion and well defined clinoforms (Fig. 10). These
deposits testify to an overall aggradational stacking pattern (Fig. 4).
Locally (e.g. off the Chioggia inlet, Fig. 1) Unit 1 is absent, and S1/S2
surfaces are coincident (Figs. 4, 8 and 12). Unit 1 is only 1 m thick below
Fig. 11. The seaward thickening of Unit 1 near the northern transect of Fig. 4. Note the landw
direction. Non-calibrated C14 ages are shown near the log. Log is modified from Tosi et al. (
the Venetian littoral area (Figs. 4 and 11), whereas it is up to 9 m thick
offshore in coincidence of a channelized deposit (Fig. 4).

In the proximal area, below the modern lagoon, sub-horizontal
reflectors above the S1 surface are dominant (Figs. 4 and 13). Core data
demonstrate that they consist of thin coastal plain strata draping the
S1 surface and passing upward into muddy deposits accumulated in a
less restricted lagoon environment (Tosi et al., 2007a,b) (Fig. 7). This
landward shift of facies indicates that Unit 1 is mostly retrograda-
tional. In the modern lagoon area, the boundary between Unit 1 and
Unit 2 is not easily distinguishable in seismic profiles (Figs. 4 and 13).
Moreover, both units have been totally removed in coincidence of the
deeper tidal channels (Fig. 4). Some authors show that the basal strata
of the Holocene succession (i.e. Unit 1) were deposited about 10–11 ka
B.P. (Tosi, 1994a; Brambati et al., 2003; Tosi et al., 2007a,b) (Fig. 7).
ard climb of the S1 surface, which tends to amalgamate with the S2 surface in the same
2007b).



Fig. 12. Ebb tidal delta forming part of Unit 2 located immediately off the Chioggia inlet (see also Fig. 4 for location). In this case, the transgressive deposits of Unit 1 are absent and the
S2 surface reworks the S1 surface and coincides with the boundary of the Holocene sequence. Clinoforms of the ebb tidal delta downlaps onto the S2 surface, which is a wave
ravinement surface coincident with a maximum flooding surface (see text). Part of the inlet fill (Unit 3) of the Chioggia inlet is visible on the left.
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5.2.1. Interpretation of structures from seismic profiles
The recognized structures of channelized deposits in the northern

offshore area may be the result of point bar migration and the
development of channel–levee systems (Figs. 4, 9 and 10). These
features show resemblance with the transgressive distributary
channel deposits and estuarine fills that form the lower part of the
Holocene succession of the Po delta area (Correggiari et al., 1996;
Trincardi et al., 1994). Although some stratigraphic data of the area
Fig. 13. VHR profile in very shallowwater in the modern southern lagoonal area. Multistorey
sub-horizontal reflectors are visible. S1 is the Pleistocene–Holocene boundary, whereas S3
offshore from the Lido and Pellestrina coasts were provided by Lenaz
and Taviani (1984) and Stefanon (1984), the absence of cores next to
the seismic sections acquired off the Lido barrier island limits the
certainty of the interpretation of the seismic features. In particular, the
observed channelized units may be fluvial channel deposits separated
byfloodplain areas and locally entrenched in the late Pleistocene strata
(Figs. 4 and 10), or more probably estuarine fills, resulting from the
drowning of previous fluvial valleys, and distributary channel deposits
tidal channel fills (Unit 3), an active tidal creek, and Units 1/2 (undifferentiated) showing
indicates the base of tidal channel deposits.
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(the channel–levee systems). The latter hypothesis was already
suggested by Trincardi et al. (1994) in the Northern Adriatic shelf.

5.3. Unit 2

This unit is bounded at the base by the S2 surface and it is well
distinguishable from Unit 1 only in the northern offshore area and in
the Lido barrier island (Figs. 4 and 9). In the south, off the Chioggia
inlet, only Unit 2 is recognizable (Figs. 4 and 12). Both units are present
landward, but their distinction is not easy in seismic profiles due to the
uncertain recognition of the S2 surface (Fig. 4). Sub-horizontal to
irregular reflectors are dominant in the lagoon area (Figs. 4 and 13).

Seaward, Unit 2 consists of a sandy to muddy, aggrading and
prograding wedge that is up to 10 m thick at the Lido littoral area
(Figs. 4, 9, 11 and 12). This wedge is elongated parallel to the shore
and is recognizable up to 6.5 km seaward from the modern shoreline
(Figs. 4 and 8). Clinoforms display a sigmoidal shape, have tangential
bases, and downlap onto the S2 surface (Figs. 4, 9 and 12). They are
inclined from 0.4° (off the Chioggia inlet) to 0.06° in distal locations.
The direction of progradation is to the south-east. Some authors (e.g.
Tosi, 1994a) illustrate that during the last 6 ka the coastline migrated
from locations inside the modern lagoon to the present position,
testifying a late Holocene regressive trend.

Core data from the Lido littoral region and the Chioggia inlet
(Figs.1, 4 and 7) confirm the regressive character of Unit 2 (evidence of
an overall coarsening- and shallowing-upward succession above the
S2 surface, from shoreface to foreshore and backshore sands). A
fining-upward trend in the lower part of the unit and a more marked
coarsening-upward trend in the upper part are recognizable in cores
from some other locations in the barrier island (Tosi et al., 2007a,b)
(Fig. 7). Core data illustrate that low-energy mud flat, tidal flat, and
brackish marsh sub-environments are common in the Holocene
lagoon (e.g. Bonardi et al., 2006).

5.3.1. Interpretation of structures from seismic profiles
Seismic profiles indicate that the regressive wedge of Unit 2,

located between the lagoon inlets, is a shoreface–shelf system,
prograding south-eastward (Fig. 4). At the inlet outer side (e.g. off
the Chioggia inlet, Fig. 4), the wedges are interpreted as ebb tidal
deltas influenced by waves and longshore currents (Fig. 12). A similar
Fig.14. Erosional trench located in the southern lagoonal area, near the Chioggia inlet(see also
inlet. Erosion and a stepped morphology are present on the right side of the trench, toward
Pleistocene–Holocene boundary, whereas S3 indicates the base of tidal channel deposits.
ebb tidal delta was found at the Lido inlet outer side by Donda et al.
(2008). These structures, therefore, interact laterally with the shore-
face–shelf system. The fan shape of these ebb tidal deltas is evidenced
by bathymetric maps (Amos et al., 2005), and their lobate profile is
also suggested by the undulate intersection of the S2 surface with the
sea floor (Fig. 8). The prograding wedge is interpreted as lateral
equivalent of fine-grained deposits forming the upper part of the
lagoonal succession.

5.4. Unit 3: tidal channel complex and inlet deposits

Active, partially filled tidal channels are characteristic of the
present day Venice Lagoon. They are entrenched in the lagoonal mud
flat and may cut the Pleistocene–Holocene boundary (the S1 surface)
(Figs. 4, 6 and 13). Channels are deeper near the inlets (Fig. 4). In some
cases, channels have been overdeepened by dredging activities.
Lateral accretion and scour-and-fill features were commonly recog-
nized (cf. McClennen et al., 1997; McClennen and Housley, 2006)
(Figs. 4, 6 and 13). Buried channelized deposits showing lateral
accretion were found below the modern lagoon floor, between the
Malamocco and Chioggia inlets (e.g. McClennen and Housley, 2006)
(Fig. 1). A V-shaped channelized deposit, which is entrenched in both
units 1 and 2, is present off the Lido littoral area (Fig. 4).

Inlets are highly dynamic, especially after human interventions
carried out during the last centuries that have enhanced current
velocity and tidal prism (Carbognin, 1992; Carbognin et al., 2000;
McClennen and Housley, 2006). Erosional trenches are present at the
inner end of both the Chioggia (30 m deep) and Malamocco (50 m
deep) inlets (Figs. 4 and 14). Accretion and erosion in opposite sides
are found in the Chioggia inlet (Figs. 4 and 14). The base of the inlet is
recognizable as an irregular reflector, whereas inlet deposits consist of
accreting macroforms and dunes (Figs. 4 and 12). These deposits are
relatively thick (up to 7.5 m) in the northern part of the Lido inlet,
whereas the southern part is subjected to prevailing erosion. The
opposite situation is recognizable in the Chioggia inlet.

5.4.1. Interpretation of structures from seismic profiles
Lateral accretions indicate an active migration of tidal channels

into the lagoon and erosional trenches near the inlets. The large
depths close to the inlets are very probably due to the stronger erosion
Fig. 4 for location). The trench is the confluence of some tidal channels and the Chioggia
s the inlet, whereas lateral accreting deposits (Unit 3) are visible on the left. S1 is the
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of tidal currents in these locations. The buried channelized deposits
are probably tidal in origin, but ancient distributary channel fills
related to bay-head delta progradation during historical timemay also
be present. The V-shaped channel located off the Lido littoral region is
probably the result of the scour of tidal currents that entered in the
lagoon or exited through the Lido inlet in late Holocene time (e.g. the
Texel Inlet; Elias and Van der Spek, 2006).

5.5. Sequence-stratigraphic interpretation

5.5.1. The sequence boundary
The S1 surface is interpreted as a sequence boundary (SB) that

records prolonged subaerial lowstand conditions during the Last
Glacial Maximum. The subaerial unconformity is a diachronous
surface that gradually extends seaward during relative sea-level fall
(Catuneanu, 2002; Helland-Hansen and Martinsen, 1996). Fluvial
incision formed valleys later infilled with transgressive deposits. In
general, erosional and pedogenic processes are typical during relative
sea-level fall (Wright and Marriott, 1993).

5.5.2. The transgressive systems tract and transgressive surfaces
The retrogradational deposits that form Unit 1 can be interpreted

as the transgressive systems tract (TST) of the Holocene sequence
(Figs. 4 and 9), formed when rates of the high-amplitude relative sea-
level rise following the Last Glacial Maximum exceeded those of
sediment supply. Lagoon–barrier systems are typical of transgressive
contexts in low-gradient coastal settings, as showed by several
authors (e.g. Cattaneo and Steel, 2003; Demarest and Kraft, 1987;
Reinson, 1992), and their preservation is favoured if the shoreline
trajectory during transgression climbs upward and landward, and
diverges relative to the depositional surface of the coastal plain (i.e.
the accretionary transgression of Helland-Hansen and Martinsen,
1996). As mentioned above, channelized deposits off the Lido barrier
island resemble the transgressive distributary channels and estuarine
systems of the Po area, accumulated during the post-glacial
transgression (Correggiari et al., 1996; Trincardi et al., 1994). Alter-
natively, the deeper channelized deposits entrenched in the late
Pleistocene alluvial sequence might represent the lowstand systems
tract (LST, sensuHunt and Tucker, 1992; Helland-Hansen and Gjelberg,
1994), accumulated when rates of sediment supply exceeded those of
the renewed relative sea-level rise (e.g. Amorosi et al., 2003, 2005).
However, a well defined transgressive surface (TS) between trans-
gressive deposits and possible lowstand deposits is not recognizable,
and therefore we interpret these strata as transgressive.

The TST is bounded at the base by the transgressive surface (TS)
(Posamentier and Vail, 1988) or maximum regressive surface (Hel-
land-Hansen and Martinsen, 1996), which is generally conformable
and bounds the base of retrogradational strata, and at the top by the
S2 surface. The TS coincides with the SB if the LST is not present, as
suggested in the present case (Fig. 4). The S2 surface is interpretable as
a wave ravinement surface (WRS), which is cut by waves during
shoreface retreat (Swift, 1968; Demarest and Kraft, 1987; Nummedal
and Swift, 1987) and can be covered by a transgressive lag deposit.
Where transgressive deposits of Unit 1 are not preserved, the WRS
reworks the TS and the surface of subaerial exposure (e.g. off the
Chioggia inlet), and therefore coincides with the SB (e.g. Embry, 1993)
(Fig. 4). Because of the lack of retrogradational, marine transgressive
deposits above the S2 surface, probably due to active erosion and
sediment bypass during transgression, this surface is amalgamated
with the maximum flooding surface (MFS) (e.g. Mellere et al., 2005;
Olsen et al., 1999) (Fig. 4). The MFS separates retrogradational strata
below from progradational strata above. This surface is, therefore,
defined by the downlap of clinoforms of Unit 2 onto the S2 surface
(e.g. Catuneanu, 2002) (Figs. 4, 9 and 12). In contrast with this
situation, core data from the barrier island evidence a discrete
thickness of marine transgressive strata above the S2 surface (WRS)
and below the MFS (Tosi et al., 2007a,b) (Fig. 7). These evidence
demonstrate substantial along-strike variability in the ratio between
rates of accommodation development and rates of sediment supply
due to local factors (e.g. position with respect to local sediment
sources, local subsidence rates, physiography, and wave/current
energy) (e.g. Rodriguez et al., 2004; Simms et al., 2006).

The WRS that bounds the base of the marine part of the Holocene
succession (the S2 surface) coincides with the ES1 transgressive
surface of Trincardi et al. (1996) and Trincardi and Correggiari (2000),
recognized in the southern Adriatic shelf. In these offshore locations
the ES1 surface separates the Holocene sequence from the Pleistocene,
mostly regressive sequences (Trincardi and Correggiari, 2000; Ridente
and Trincardi, 2005). For its diachronous nature, the S2 surface (i.e. the
ES1 surface of previous authors) becomes progressively younger
landwards, and therefore its formation is expected to be more recent
in the Venice area than in the southern Adriatic shelf.

5.5.3. The highstand systems tract
The regressive deposits of Unit 2 are interpreted as the highstand

systems tract (HST) of the Holocene sequence, bounded at the base by
the MFS (amalgamated with the WRS surface) and showing an
aggradational to progradational architecture (e.g. Van Wagoner et al.,
1988) (Figs. 4 and 9). The HST forms when the rate of sediment supply
exceeds that of the late stage relative sea-level rise. The regressive
marinewedge of Unit 2 is part of the alongshore-elongated prograding
wedge bounding the western margin of the Adriatic epicontinental
shelf and formed during the last 5.5–6 ka (Trincardi et al., 1996;
Cattaneo et al., 2004; Niedoroda et al., 2005). This elongated shape is
related to a predominant southward sediment transport by the
Western Adriatic Coastal Current (WACC), which is related to an
overall cyclonic circulation in the Adriatic, driven by thermohaline
currents (Poulain, 2001; Cattaneo et al., 2004; Niedoroda et al., 2005;
Milligan and Cattaneo, 2007).

The tidal channel complex, the inlet deposits of Unit 3, and the
modern lagoon mud flat represent the proximal equivalent of the
marine highstand wedge of Unit 2. The base of tidal channel and inlet
deposits (the S3 surface) is a tidal ravinement surface (TRS), due to the
scour of tidal currents (Allen and Posamentier, 1993) (Fig. 4). The S3
surface may cut the S1 and S2 surfaces, and may therefore locally
coincide with the SB of the Holocene sequence (Fig. 4).

The recognized position of the TRSwithin the sequence, above both
WRS and MFS, is uncommon; the TRS is recognizable in the TST
between the TS and the WRS in the classic sequence-stratigraphic
model (Allen and Posamentier,1993; Cattaneo and Steel, 2003). Typical
TRSsmight be identified at the base of the channelized deposits of Unit
1 (TST) off the Lido barrier island if their estuarine nature could be
verified (Fig. 4). The widespread development of tidal channels in the
lagoon during the recent eustatic highstand phase very probably
increased after river diversions mainly from the 15th to 17th centuries
(Brambati et al., 2003) that led to a reduced sediment supply in the
lagoon inducing a reversal in its evolution, and consequently to a
human-induced transgressive phase. Moreover, tidal currents were
enhanced by several interventions in the lagoon inlets in recent times.
Present data show that lateral accreting deposits related to the
migration of tidal channels are a characteristic feature of the more
recent evolution of the lagoon, since they are less common in the lower
part of the Holocene succession in the lagoonal area (Figs. 6 and 13).
Following this interpretation, therefore, the development of TRSs
marking the base of Unit 3may in part reflect the beginning of a recent,
man-induced transgression, limited to the lagoon area and unrelated
to any eustatic variation. This justifies the observed deviation in
the architecture of the Holocene sequence with respect to standard
models.

Core data from the Holocene deposits south of the Po Delta show a
small-scale high-frequency cyclicity (Amorosi et al., 2005). This
millennial-scale cyclicity seems to be related to allocyclic (eustatic
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and climatic changes) as well as autocyclic processes (e.g. delta lobe
switching) (Amorosi et al., 2005). A similar small-scale cyclicity is not
recognizable in seismic profiles of the Venice area.

6. Discussion

Data provided by high-resolution seismic profiles allow a detailed
study to be made of the stratal architecture of late Pleistocene and
Holocene sequences in the Venice area. The geologic evolutions of the
study area, embracing also the consequences of the human impact on
the sedimentation, are presented here for the first timewith a modern
sequence-stratigraphic approach.

The late Pleistocene and Holocene sequences are the result of the
high-amplitude, late Pleistocene to Holocene glacio-eustatic varia-
tions. An aggradational alluvial plain formed during the last glacial
phase, during falling eustatic sea level, whereas a pedogenized surface
of subaerial exposure (the S1 surface) testifies a stratigraphic gap
produced during the Last Glacial Maximum (about 18 ka B.P.) and the
immediately subsequent phase of relative sea-level rise. A contrast
between the stratal architecture of the continental late Pleistocene
sequence and that expected for periods of relative sea-level fall has
been already mentioned above. Recent papers (e.g. Gawthorpe et al.,
1994, 2003; Howell and Flint, 1996; Ritchie et al., 2004; Zecchin et al.,
2006; Zecchin, 2007) clearly demonstrate that local factors, such as
tectonics, basin physiography, and sediment supply variations may
significantly deviate the sequence architecture with respect to that of
standard sequence-stratigraphic models.

The Holocene sequence of the Venice area is the result of the late
transgressive phase that followed the deglaciation and the subsequent
highstand phase. The landward migration of lagoon–barrier–estuarine
systems during the post-glacial transgressive stage is well known along
the western margin of the Adriatic epicontinental shelf (Trincardi et al.,
1994; Correggiari et al., 1996; Amorosi et al., 1999, 2003, 2005).

The SB of the Holocene sequence is a complex composite surface,
which comprises a relatively ancient surface of subaerial exposure
(the S1 surface) that has been reworked in the seaward direction by a
WRS (the S2 surface) (Fig. 4). Both surfaces are locally cut by more
recent TRSs (the S3 surface) which therefore represent the lower
boundary of the Holocene deposits in the deep tidal channels (Fig. 4).
The anthropogenic impact has influenced the recent evolution of the
Venice area, determining significant alterations of the original
hydrodynamic processes in the lagoon and the natural late Holocene
regressive trend. These alterations, therefore, have also modified the
stratal architecture of the recent part of the Holocene sequence.

The two illustrated transects document an important lateral
variability in the geometry of the Holocene sequence (Fig. 4). The TST
is absent off the Chioggia inlet, whereas it is relatively thick off the Lido
barrier island (Fig. 4). In the latter area, the TST rapidly thins landward
down to a minimum of 1 m at the Lido littoral area (Fig. 4). These
evidence demonstrate that the stratal architecture of sequences may
be highly variable laterally in response to local factors, and therefore
caremust be taken in interpreting and correlating successions showing
different geometries. As a consequence, a single transect along the
depositional dip is not fully representative of the stratal architecture of
a sequence or of individual systems tracts, and the integration of more
data is necessary. This consideration is true also in areas characterized
by very modest tectonic activity. The lateral variability of sequences
has been recently documented in various depositional settings as well
by numerical modelling (e.g. Trincardi and Field, 1991; Gawthorpe
et al., 1994, 2003; Church and Gawthorpe, 1997; McMurray and
Gawthorpe, 2000; Ritchie et al., 2004). Under particular conditions,
different locations of a coast may experience opposite trends, and they
may be controlled by local subsidence, sediment supply and
physiography; therefore different systems tracts may be coeval in the
same depositional system (Gawthorpe et al., 1994; Church and
Gawthorpe, 1997). In the present case, the recent, human-induced
transgression within the Venice Lagoon occurs simultaneously with
the south-eastward progradation of the shoreface–shelf system.

In the Venice area, the inherited physiography strongly influenced
the stratal architecture of the Holocene sequence. An evident morpho-
logic high located close to the Lido inlet conditioned the thickness
distribution of the TST, producing a minimal thickness of transgressive
deposits at the Lido barrier island (Figs. 4 and 11). This high, likely
developed in pre-Holocene times, was previously illustrated by Gatto
(1984) and Tosi (1994a). In contrast, the marine part of the HST shows
less pronounced thickness variations compared to the TST (Fig. 4). These
evidence suggest that a relatively irregular topography was present
during the deposition of non-marine to paralic transgressive deposits,
whereas amuchmore regular erosional surface (the S2 surface), scoured
bywaves and currents, is responsible for amoreuniform thicknessof the
subsequently deposited marine highstand wedge.

In the area of the modern lagoon, a general deepening of the S1
surface and a correspondent thickness increase of the Holocene
sequence from about 5 to 20 m is well recognizable from Venice to the
southern lagoon area (Tosi et al., 2007a,b). This trendmay be related to
a southward increase in the subsidence rate during the deposition,
possibly linked to differential sediment compaction and/or local
tectonic factors. There is a correlation between the present subsidence
rates of the Venetian coastal area and the different thickness of the
Holocene deposits (Carbognin and Tosi, 2002; Teatini et al., 2005). In
the illustrated transects, these thickness variations are detectable
observing that Holocene TST/HST deposits (Units 1 and 2) are present
in the southern lagoon area, whereas they are absent between the
tidal channel deposits of Unit 3, in the northern lagoon area. The lack
of the relatively thin Units 1 and 2 in the lagoonal portion of the
northern transect may be related to tidal scour and recent dredging.

The presented data, therefore, illustrate a complex variability in
the stratal architecture of the Holocene sequence of the Venice area
along both depositional strike and depositional dip. These examples
demonstrate that significantly different architectures may be pro-
duced not only in settings dominated by extreme fault-controlled
subsidence variations (e.g. Gawthorpe et al., 1994; Howell and Flint,
1996; Jackson et al., 2005; Zecchin et al., 2006), but also in contexts
characterized by a much more uniform tectonic setting. The inherited
basin physiography and local sediment supply variationsmay strongly
influence the sequence geometry and may produce significant lateral
variability in the stratal architecture (Zecchin, 2007). Finally, the
Venice example also shows that the human impact is significant in the
recent depositional history of the area, and it may dramatically alter
depositional systems and revert natural trends.

7. Conclusions

VHR seismic profiles provided new significant details for the
reconstruction and a better correlation of the architecture of late
Pleistocene and Holocene deposits in the Venice area than those
carried out in the past using information from scattered cores. The
subsoil architecture, known in the lagoon and littoral strips from
numerous cores takenwithin various investigations carried out during
the last 50 yrs of researches, have been extrapolated to the offshore
where core data are not available.

A significant lateral variability in the architecture and the human
impact in the recent geologic evolution of the region are the twomain
points emerging from this study. The integration of VHR seismic
profiles with available sedimentological data such as those from
micropaleontological and radiocarbon analyses allowed to recognize
two main sequences: the uppermost part of the late Pleistocene
sequence and the Holocene sequence. The former consists of an
alluvial plain which aggraded despite its deposition during the long-
term relative sea-level fall culminating with the LGM lowstand. The
Holocene sequence is composed of three main seismic units: Units 1, 2
and 3, bounded at the base by the surfaces S1, S2 and S3, respectively.
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S1 surface corresponds to a surfaceof subaerial exposure formed after
the LGM, and is overlain by an up to 9 m thick succession showing
channelized deposits (distributary and/or estuarine channel fills) which
corresponds to Unit 1. The S2 surface bounds at the top Unit 1, and is
overlain by an up to 10 m thick prograding wedge consisting of
shoreface–shelf deposits and ebb tidal deltas, which pass landward into
back-barrier sediments (Unit 2). The S3 surface represents the base of
deep tidal channel and inlet deposits forming Unit 3, which is in part the
resultof thehuman impactaltering thenatural hydrodynamicof thearea.

From a sequence-stratigraphic point of view, the S1 surface
represents a sequence boundary amalgamated with a transgressive
surface, whereas Unit 1 is a paralic transgressive systems tract
bounded at the top by combined wave ravinement and maximum
flooding surfaces (the S2 surface) marking the marine ingression at
about 6 ka B.P. Units 2 and 3 represent the highstand systems tract of
the Holocene sequence, showing the progradation of the shallow-
marine wedge and a relatively recent widespread development of
tidal channels in the modern lagoon area. Unit 3 is affected by the
human interventions occurred during the last centuries that modified
the natural depositional processes.

The developed seismic and sequence-stratigraphic models for the
Venice area allow the discrimination of the human impact in the
geologic evolution of this coastal setting and represent a point of
reference for any further study in this region. These study methods
and results may also be considered as a model for the Holocene
evolution of several coastal areas characterized by strong anthropo-
genic influence overwhelming the background natural trend.

Acknowledgements

This study was performed in the frame of the Co.Ri.La. 2004–2006
Research Programme — Subproject 3.16: “New very high resolution
seismic methods in shallows to study the Venice lagoon subsoil”.
Seismic lines CH43 and CH42 and core data were provided by the
CARG Project “Geological Map Sheets 128-Venezia and 148-149-
Chioggia-Malamocco”. Authors acknowledge Federico Toffoletto
(coordinator of the CARG Project for the Regione del Veneto) and
Pierpaolo Campostrini (Director of Co.Ri.La.) for their continued
support in this work, and the Crew of LITUS (ISMAR-CNR) for the
logistic help. Particular thanks to Jane Frankenfield (ISMAR-CNR) for
the precious technical support and help in the editing. We thank Paul
Liu, an anonymous, and the Editor David J.W. Piper for their careful
reviews and comments.

References

Allen, G.P., Posamentier, H.W., 1993. Sequence stratigraphy and facies model of an
incised valley fill: the Gironde estuary, France. J. Sediment. Petrol. 63, 378–391.

Amorosi, A., Colalongo, M.L., Pasini, G., Preti, D., 1999. Sedimentary response to Late
Quaternary sea-level changes in the Romagna coastal plain (Northern Italy).
Sedimentology 46, 99–121.

Amorosi, A., Centineo, M.C., Colalongo, M.L., Pasini, G., Sarti, G., Vaiani, S.C., 2003. Facies
architecture and latest Pleistocene–Holocene depositional history of the Po delta
(Comacchio area), Italy. J. Geol. 111, 39–56.

Amorosi, A., Centineo, M.C., Colalongo, M.L., Fiorini, F., 2005. Millennial-scale deposi-
tional cycles from the Holocene of the Po Plain, Italy. Mar. Geol. 222–223, 7–18.

Amos, C.L., Helsby, R., Ungiesser, G., Mazzoldi, A., Tosi, L., 2005. Sand transport in
northern Venice Lagoon. In: Campostrini, P. (Ed.), Scientific Research and
Safeguarding of Venice. Co.Ri.La. Res. Program 2001–2003, vol. 3, pp. 369–383.

Bellet, J., Oudin, J.L., Favero, V., Passega, R.,1982. Analyse optique da lamatière organique
du Quaternaire: sondage C.N.R. VE-1, Venise. Rev. Inst. Fr. Pét. 37, 587–598.

Bonardi, M., Tosi, L., 1994. I sedimenti tardo-quaternari del cordone litoraneo della
Laguna di Venezia: le sabbie. CNR, Ist. Stud. Din. Gr. Masse, Tech. Report 184, 1–56.

Bonardi, M., Tosi, L., 1995. Caratterizzazione e differenziazione mineralogica dei livelli
sabbiosi tardo-quaternari del litorale veneziano. Il Quaternario 8, 315–322.

Bonardi, M., Tosi, L., 1997. Evidence of climatic variations in upper Pleistocene and
Holocene sediments from the Lagoon of Venice (Italy) and the Yellow Sea (China).
World Res. Rev. 9, 101–112.

Bonardi, M., Canal, E., Cavazzoni, R., Serandrei Barbero, R., Tosi, L., Galgaro, A., Giada, M.,
1997. Sedimentological, archaeological and historical evidences of paleoclimatic
changes during the Holocene in the Lagoon of Venice (Italy). World Resour. Rev. 9,
435–446.
Bonardi, M., Canal, E., Cavazzoni, S., Serandrei, R., Tosi, L., Enzi, S., 1998. Impact of
paleoclimatic fluctuations on depositional environments and human habitats in the
Lagoon of Venice (Italy). World Resour. Rev. 11, 247–257.

Bonardi, M., Tosi, L., Cucco, A., Umgiesser, G., Rizzetto, F., 2003. Geomorphologic
processes and hydrodynamics in the Venice Lagoon, Italy: a study case. In: Servat,
E., Najem, W., Leduc, C., Shakeel, A. (Eds.), Hydrology of the Mediterranean and
Semiarid Regions. Int. Assoc. Hydrol. Sci. Publ., vol. 278, pp. 448–457.

Bonardi, M., Tosi, L., Rizzetto, F., Brancolini, G., Baradello, L., 2006. Effects of climate
changes on the late Pleistocene and Holocene sediments of the Venice Lagoon, Italy.
J. Coast. Res., Spec. Issue 39, 279–284.

Bortolami, G.C., Fontes, J.C., Markgraf, V.J., Saliere, F., 1977. Land, sea and climate in the
Northern Adriatic region during late Pleistocene and Holocene. Palaeogeogr.
Palaeoclimat. Palaeoecol. 21, 139–156.

Bortolami, G., Carbognin, L., Gatto, P., 1985. The natural subsidence in the Lagoon of
Venice, Italy. In: Johnson, A.I., Carbognin, L., Ubertini, L. (Eds.), Land Subsidence. Int.
Assoc. Hydrol. Sci. Publ., vol. 151, pp. 777–785.

Brambati, A., Carbognin, L., Quaia, T., Teatini, P., Tosi, L., 2003. The Lagoon of Venice:
geological setting, evolution and land subsidence. Episodes 26, 264–268.

Calderoni, G., Curzi, P.V., Paganelli, A., Sartori, E., 1998. Stratigraphic palaeoenviron-
mental preliminary results of Late Quaternary gassy sediments in Venice Lagoon.
Proc. Fifth Int. Conf. on Gas Marine Sediments, Bologna, pp. 98–101.

Canali, G., Capraro, L., Donnici, S., Rizzetto, F., Serandrei-Barbero, R., Tosi, L., 2007.
Vegetational and environmental changes in the eastern Venetian coastal plain
(Northern Italy) over the past 80,000 years. Palaeogeogr. Palaeoclimatol. Palaeoecol.
253, 300–316.

Carbognin, L., 1992. Evoluzione naturale e antropica della Laguna di Venezia. Mem.
Descr. Carta Geol. Ital. 42, 123–134.

Carbognin, L., Tosi, L., 2002. Interaction between climate changes, eustacy and land
subsidence in the North Adriatic Region, Italy. Mar. Ecol. 23 (Suppl. 1), 38–50.

Carbognin, L., Cecconi, G., Ardone, V., 2000. Interventions to safeguard the environment
of the Venice Lagoon (Italy) against the effects of land elevation loss. In: Carbognin,
L., Gambolati, G., Johnson, A.I. (Eds.), Land Subsidence. Proc. Sixth Int. Symp. Land
Subsidence, Ravenna (Italy), La Garangola, Padova (Italy), vol. 1, pp. 309–324.

Carbognin, L.P., Teatini, P., Tosi, L., 2004. Eustasy and land subsidence in the Venice
Lagoon at the beginning of the new millennium. J. Mar. Syst. 51, 345–353.

Castellarin, A., Cantelli, L., 2000. Neo-Alpine evolution of the Southern Eastern Alps. J.
Geodyn. 30, 251–274.

Castellarin, A., Eva, C., Giglia, G., Vai, G.B., 1985. Analisi strutturale del Fronte
Appenninico Padano. Giorn. Geol. 47, 47–75.

Cattaneo, A., Steel, R.J., 2003. Transgressive deposits: a review of their variability. Earth-
Sci. Rev. 62, 187–228.

Cattaneo, A., Trincardi, F., Langone, L., Asioli, A., Puig, P., 2004. Clinoform generation on
Mediterranean margins. Oceanography 17, 105–117.

Catuneanu, O., 2002. Sequence stratigraphy of clastic systems: concepts, merits, and
pitfalls. J. Afr. Earth Sci. 35, 1–43.

Church, K.D., Gawthorpe, R.L., 1997. Sediment supply as a control on the variability of
sequences: an example from the late Namurian of northern England. J. Geol. Soc.,
London 154, 55–60.

Correggiari, A., Roveri, M., Trincardi, F., 1996. Late Pleistocene and Holocene evolution of
the North Adriatic Sea. Il Quaternario 9, 697–704.

Demarest, J.M., Kraft, J.C., 1987. Stratigraphic record of Quaternary sea levels: implications
for more ancient strata. In: Nummedal, D., Pilkey, O.H., Howard, J.D. (Eds.), Sea-level
Fluctuation and Coastal Evolution. SEPM Spec. Publ., vol. 41, pp. 223–239.

Donda, F., Brancolini, G., Tosi, L., Kovacevic, V., Baradello, L., Gacic, M., Rizzetto, F., 2008.
The ebb-tidal delta of the Venice Lagoon, Italy. Holocene 18, 267–278.

Elias, E.P.L., Van der Spek, A.J.F., 2006. Long-term morphodynamic evolution of Texel
Inlet and its ebb-tidal delta (The Netherlands). Mar. Geol. 225, 5–21.

Embry, A.F., 1993. Transgressive–regressive (T–R) sequence analysis of the Jurassic
succession of the Sverdrup Basin, Canadian Arctic Archipelago. Can. J. Earth Sci. 30,
301–320.

Favero, V., Leplat, P., Menning, J.J., Passega, R.,1979. Exemple de distribution de laMatière
organique au Quaternaire: sondage CNR VE-1, Venise. Rev. Inst. Fr. Pét. 34 (3),
351–370.

Favero, V., Passega, R., 1980. Quaternary turbidites in a neritic environment: well C.N.R.
VE 1, Venice, Italy. J. Pet. Geol. 3 (2), 153–174.

Ferretti, M., Moretti, E., Savelli, D., Stefanon, A., Tramontana, M., Wezel, F.-C., 1986. Late
Quaternary alluvial sequences in the North-western Adriatic Sea from uniboom
profiles. Boll. Oceanol. Teor. Appl. 4 (1), 63–72.

Fontes, J.C.H., Bortolami, G., 1973. Subsidence of the Venice area during the past
40,000 yr. Nature 244, 339–341.

Gatto, P., 1980. Il sottosuolo del litorale Veneziano. CNR, Ist. Stud. Din. Gr. Masse, Tech.
Report 108, 1–19.

Gatto, P., 1984. Il cordone litoraneo della laguna di Venezia e le cause del suo degrado.
Ist. Veneto Sci. Lett. Arti. Rapporti e Studi 9, 163–193.

Gatto, P., Previatello, P., 1974. Significato stratigrafico, comportamento meccanico e
distribuzione nella Laguna di Venezia di una argilla sovraconsolidata nota come
“caranto”. CNR, Ist. Stud. Din. Gr. Masse, Tech. Report 70, 1–45.

Gawthorpe, R.L., Fraser, A.J., Collier, R.E.L., 1994. Sequence stratigraphy in active
extensional basins: implications for the interpretation of ancient basin fills. Mar.
Pet. Geol. 11, 642–658.

Gawthorpe, R.L., Hardy, S., Ritchie, B., 2003. Numerical modelling of depositional
sequences in half-graben rift basins. Sedimentology 50, 169–185.

Helland-Hansen, W., Gjelberg, J., 1994. Conceptual basis and variability in sequence
stratigraphy: a different perspective. Sediment. Geol. 92, 31–52.

Helland-Hansen, W., Martinsen, O.J., 1996. Shoreline trajectories and sequences:
description of variable depositional-dip scenarios. J. Sediment. Res. 66, 670–688.



198 M. Zecchin et al. / Marine Geology 253 (2008) 185–198
Howell, J.A., Flint, S.S., 1996. A model for high resolution sequence stratigraphy within
extensional basins. In: Howell, J.A., Aitken, J.F. (Eds.), High Resolution Sequence
Stratigraphy: Innovations andApplications. Geol. Soc. Spec. Publ., vol.104, pp.129–137.

Hunt, D., Tucker, M.E., 1992. Stranded parasequences and the forced regressive wedge
systems tract: deposition during base-level fall. Sediment. Geol. 81, 1–9.

Jackson, C.A.L., Gawthorpe, R.L., Carr, I.D., Sharp, I.R., 2005. Normal faulting as a control
on the stratigraphic development of shallowmarine syn-rift sequences: the Nukhul
and Lower Rudeis Formations, Hammam Faraun fault block, Suez Rift, Egypt.
Sedimentology 52, 313–338.

Kent, D.V., Rio, D., Massari, F., Kukla, G., Lanci, L., 2002. Emergence of Venice during the
Pleistocene. Quat. Sci. Rev. 21, 1719–1727.

Kruse, S.E., Royden, L.H., 1994. Bending and unbending of an elastic lithosphere: the
Cenozoic history of the Apennine and Dinaride foredeep basins. Tectonics 13,
278–302.

Lenaz, R., Taviani, M., 1984. Differianted subsidence of the upper Adriatic area facing
Venice (45°30′–45°10′ Lat. N) as revealed by 14C datings of late Pleistocene peats.
Proc. Third Int. Symp. ‘Land Subsidence’, Venice, pp. 359–365.

Martinsen, O.J., Helland-Hansen, W., 1995. Strike variability of clastic depositional
systems; does it matter for sequence-stratigraphic analysis. Geology 23, 439–442.

Massari, F., Rio, D., Serandrei Barbero, R., Asioli, A., Capraro, L., Fornaciari, E., Vergerio, P.P.,
2004. The environment of Venice area in the past two million years. Palaeogeogr.
Plalaeoclimatol. Palaeoecol. 202, 273–308.

Matteotti, G., 1962. Sulle caratteristiche dell'argilla precompressa esistente nel
sottosuolo di Venezia-Marghera. Notiz. Ordine Ingegneri Prov. Padova 6(12), 30–40.

McClennen, C.E., Housley, R.A., 2006. Late-Holocene channel meander migration and
mudflat accumulation rates, lagoon of Venice, Italy. J. Coast. Res. 22, 930–945.

McClennen, C.E., Ammerman, A.J., Schock, S.G., 1997. Framework stratigraphy for the
Lagoon of Venice, Italy: revealed new seismic-reflection profiles and cores. J. Coast.
Res. 13, 745–759.

McMurray, L.S., Gawthorpe, R.L., 2000. Along-strike variability of forced regressive
deposits: late Quaternary, northern Peloponnesos, Greece. In: Hunt, D., Gawthorpe,
R.L. (Eds.), SedimentaryResponses to ForcedRegressions.Geol. Soc. Spec. Publ., vol.172,
pp. 363–377.

Mellere, D., Zecchin, M., Perale, C., 2005. Stratigraphy and sedimentology of fault-
controlled backstepping shorefaces, middle Pliocene of Crotone Basin, Southern
Italy. Sediment. Geol. 176, 281–303.

Milligan, T.G., Cattaneo, A., 2007. Sediment dynamics in the Western Adriatic Sea: from
transport to stratigraphy — introduction. Cont. Shelf Res. 27, 287–295.

Mozzi, P., Bini, C., Zilocchi, L., Becattini, R., Mariotti Lippi, M., 2003. Stratigraphy,
palaeopedology and palynology of late Pleistocene and Holocene deposits in the
landward sector of the lagoon of Venice (Italy), in relation to the Caranto level. Il
Quaternario 16 (1bis), 193–210.

Müllenders, W., Favero, V., Coremans, M., Dirickx, M., 1996. Analyses polliniques des
sondages à Venise (VE1, VE1bis, VE2). Aardkd. Meded. 7, 87–117.

Neglia, S., 1972. Pozzi VE 1 e VE 1 BIS CNR. Analisi geochimiche sulle carote argillose.
CNR, Ist. Stud. Din. Gr. Masse, Tech. Report 56, 1–16.

Niedoroda, A.W., Reed, C.W., Das, H., Fagherazzi, S., Donoghue, J.F., Cattaneo, A., 2005.
Analyses of a large-scale depositional clinoformal wedge along the Italian Adriatic
coast. Mar. Geol. 222–223, 179–192.

Nummedal, D., Swift, D.J.P., 1987. Transgressive stratigraphy at sequence-bounding
unconformities: some principles derived from Holocene and Cretaceous examples.
In: Nummedal, D., Pilkey, O.H., Howard, J.D. (Eds.), Sea-level Fluctuation and Coastal
Evolution. SEPM Spec. Publ., vol. 41, pp. 241–260.

Olsen, T.R., Mellere, D., Olsen, T., 1999. Facies architecture and geometry of landward-
stepping shoreface tongues: the upper Cretaceous Cliff House Sandstone (Mancos
Canyon, south-west Colorado). Sedimentology 46, 603–625.

Paffetti, D., Vettori, C., Caramelli, D., Vernesi, C., Lari, M., Paganelli, A., Paule, L., Giannini, R.,
2007. Unexpected presence of Fagus orientalis complex in Italy as inferred from
45,000-year-old DNA pollen samples from Venice lagoon. BMC Evol. Biol. 7 (Suppl 2),
S6. doi:10.1186/1471-2148-7-S2-S6.

Pieri, M., Groppi, G., 1981. Subsurface geological structure of the Po plain. C.N.R. Prog.
Fin. Geodin. 414, 1–23.

Posamentier, H.W., Allen, G.P., 1993. Variability of the sequence stratigraphic model:
effects of local basin factors. Sediment. Geol. 86, 91–109.

Posamentier, H.W., Vail, P.R., 1988. Eustatic controls on clastic deposition, II: sequence
and systems tract models. In: Wilgus, C.K., Hastings, B.S., Kendall, C.G.StC.,
Posamentier, H.W., Ross, C.A., Van Wagoner, J.C. (Eds.), Sea Level Changes: An
Integrated Approach. SEPM Spec. Publ., vol. 42, pp. 125–154.

Posamentier, H.W., Jervey, M.T., Vail, P.R., 1988. Eustatic controls on clastic deposition, I:
conceptual framework. In: Wilgus, C.K., Hastings, B.S., Kendall, C.G.St.C., Posamentier,
H.W., Ross, C.A., Van Wagoner, J.C. (Eds.), Sea Level Changes: An Integrated Approach.
SEPM Spec. Publ., vol. 42, pp. 110–124.

Poulain, P.-M., 2001. Adriatic Sea surface circulation as derived from drifter data
between 1990 and 1999. J. Mar. Syst. 29, 3–32.

Rasmussen, E.S., Dybkjær, K., 2005. Sequence stratigraphy of the upper Oligocene–
Lower Miocene of eastern Jylland, Denmark: role of structural relief and variable
sediment supply in controlling sequence development. Sedimentology 52, 25–63.

Reinson, G.E., 1992. Transgressive barrier island and estuarine systems. In: Walker, R.G.,
James, N.P. (Eds.), FaciesModels: Response to Sea Level Change. Geological Association
of Canada, pp. 179–194.
Ridente, D., Trincardi, F., 2005. Pleistocene “muddy” forced-regression deposits on the
Adriatic shelf: a comparison with prodelta deposits of the late Holocene highstand
mud wedge. Mar. Geol. 222–223, 213–233.

Ritchie, B.D., Gawthorpe, R.L., Hardy, S., 2004. Three-dimensional numerical modelling
of deltaic depositional sequences 2: influence of local controls. J. Sediment. Res. 74,
221–238.

Rizzetto, F., Tosi, L., Carbognin, L., Bonardi, M., Teatini, P., 2003. Geomorphological
setting and related hydrogeological implications of the coastal plain south of the
Venice Lagoon (Italy). In: Servat, E., Najem, W., Leduc, C., Shakeel, A. (Eds.),
Hydrology of the Mediterranean and Semiarid Regions. Int. Assoc. Hydrol. Sci. Publ.,
vol. 278, pp. 463–470.

Rodriguez, A.B., Anderson, J.B., Siringan, F.P., Taviani, M., 2004. Holocene evolution of
the east Texas coast and inner continental shelf: along-strike variability in coastal
retreat rates. J. Sediment. Res. 74, 405–421.

Schlager,W.,1993.Accommodation and supply— adual control on stratigraphic sequences.
Sediment. Geol. 86, 111–136.

Simms, A.R., Anderson, J.B., Taha, Z.P., Rodriguez, A.B., 2006. Overfilled versus underfilled
incised valleys: examples from the Quaternary Gulf of Mexico. In: Dalrymple, R.W.,
Leckie, D.A., Tillman, R.W. (Eds.), Incised Valleys inTime and Space. SEPMSpec. Publ.,
vol. 85, pp. 117–139.

Stefanon, A., 1984. Sedimentologia del mare Adriatico: rapporti tra erosione e
sedimentazione olocenica. Boll. Oceanol. Teor. Appl. 2 (4), 281–324.

Summerfield, M.A., 1985. Plate tectonics and landscape development on the African
continent. In: Morisawa, M., Hack, J. (Eds.), Tectonic Geomorphology. Allen and
Unwin, Boston, pp. 27–51.

Swift, D.J.P., 1968. Coastal erosion and transgressive stratigraphy. J. Geol. 76, 444–456.
Teatini, P., Tosi, L., Strozzi, T., Carbognin, L., Wegmüller, U., Rizzetto, F., 2005. Mapping

regional land displacements in the Venice coastland by an integrated monitoring
system. Remote Sens. Environ. 98, 403–413.

Tosi, L., 1994a. L'evoluzione paleoambientale tardo-quaternaria del litorale veneziano
nelle attuali conoscenze. Il Quaternario 7, 589–596.

Tosi, L., 1994b. I sedimenti tardo-quaternari dell'area litorale veneziana: analisi delle
caratteristiche fisico-meccaniche. Geol. Tec. Ambient. 2, 47–60.

Tosi, L., Carbognin, L., Teatini, P., Strozzi, T., Wegmuller, U., 2002. Evidences of the present
relative land stability of Venice, Italy, from land, sea, and space observations. Geophys.
Res. Lett. 29. doi:10.1029/2001GL013211.

Tosi, L., Rizzetto, F., Bonardi, M., Donnici, S., Serandrei Barbero, R., Toffoletto, F., 2007a.
Note illustrative della Carta Geologica d'Italia alla scala 1:50.000. 128 - Venezia.
APAT, Dipartimento Difesa del Suolo, Servizio Geologico d'Italia, Casa Editrice
SystemCart, Roma, pp. 164, 2 allegati cartografici.

Tosi, L., Rizzetto, F., Bonardi, M., Donnici, S., Serandrei Barbero, R., Toffoletto, F., 2007b.
Note illustrative della Carta Geologica d'Italia alla scala 1:50.000. 148–149 -
Chioggia-Malamocco. APAT, Dipartimento Difesa del Suolo, Servizio Geologico
d'Italia, Casa Editrice SystemCart, Roma, pp. 164, 2 allegati cartografici.

Trincardi, F., Correggiari, A., 2000. Quaternary forced-regression deposits in the Adriatic
basin and the record of composite sea-level cycles. In: Hunt, D., Gawthorpe, R.L.
(Eds.), Sedimentary Responses to Forced Regressions. Geol. Soc. Spec. Publ., vol. 172,
pp. 245–269.

Trincardi, F., Field, M.E., 1991. Geometry, lateral variability, and preservation of
downlapped regressive shelf deposits: easternTyrrhenianmargin, Italy. J. Sediment.
Petrol. 61, 75–90.

Trincardi, F., Correggiari, A., Roveri, M., 1994. Late Quaternary transgressive erosion and
deposits in a modern epicontinental shelf: the Adriatic Semienclosed Basin. Geo-Mar.
Lett. 14, 41–51.

Trincardi, F., Cattaneo, A., Asioli, A., Correggiari, A., Langone, L., 1996. Stratigraphy of the
late-Quaternary deposits in the Central Adriatic basin and the record of short-term
climatic events. In: Guilizzoni, P., Oldfield, F.L. (Eds.), Palaeoenvironmental Analysis
of Italian Crater Lake and Adriatic Sediments (PALICLAS Project). Ist. It. Idrobiol.
Mem., vol. 55, pp. 39–64.

Vai, G.B., 1987. Migrazione complessa del sistema fronte deformativo-avanfossa-cercine
periferico: il caso dell'Appennino settentrionale. Soc. Geol. It. Mem. 38, 95–105.

Van Wagoner, J.C., Posamentier, H.W., Mitchum, R.M., Vail, P.R., Sarg, J.F., Loutit, T.S.,
Hardenbol, J., 1988. An overview of the fundamentals of sequence stratigraphy and
key definitions. In: Wilgus, C.K., Hastings, B.S., Kendall, C.G.St.C., Posamentier, H.W.,
Ross, C.A., Van Wagoner, J.C. (Eds.), Sea Level Changes: An Integrated Approach.
SEPM Spec. Publ., vol. 42, pp. 39–45.

Woolfe, K.J., Larcombe, P., Naish, T., Purdon, R.G., 1998. Lowstand rivers need not incise
the shelf: an example from the Great Barrier Reef, Australia, with implications for
sequence stratigraphic models. Geology 26, 75–78.

Wright, V.P., Marriott, S.B., 1993. The sequence stratigraphy of fluvial depositional
systems: the role of floodplain sediment storage. Sediment. Geol. 86, 203–210.

Zanferrari, A., Bollettinari, G., Carobene, L., Carton, A., Carulli, G.B., Castaldini, D.,
Cavallin, A., Panizza, M., Pellegrini, G.B., Pianetti, F., Sauro, U., 1982. Evoluzione
neotettonica dell'Italia nord-orientale. Mem. Sci. Geol. 35, 355–376.

Zecchin, M., 2007. The architectural variability of small-scale cycles in shelf and ramp
clastic systems: the controlling factors. Earth-Sci. Rev. 84, 21–55.

Zecchin, M., Mellere, D., Roda, C., 2006. Sequence stratigraphy and architectural
variability in growth fault-bounded basin fills: a review of Plio-Pleistocene stratal
units of the Crotone Basin, southern Italy. J. Geol. Soc., London 163, 471–486.

http://dx.doi.org/10.1186/1471-7-2-6
http://dx.doi.org/10.1029/2001GL013211

	Sequence stratigraphy based on high-resolution seismic profiles in the late Pleistocene and Hol.....
	Introduction
	Materials and methods
	Study area and geological setting
	The late Pleistocene sequence
	The late Pleistocene environment
	Sequence-stratigraphic interpretation

	The Holocene sequence
	Key stratal surfaces
	Surface S1
	Surface S2
	Surface S3

	Unit 1
	Interpretation of structures from seismic profiles

	Unit 2
	Interpretation of structures from seismic profiles

	Unit 3: tidal channel complex and inlet deposits
	Interpretation of structures from seismic profiles

	Sequence-stratigraphic interpretation
	The sequence boundary
	The transgressive systems tract and transgressive surfaces
	The highstand systems tract


	Discussion
	Conclusions
	Acknowledgements
	References


