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Abstract: In the lower Piave river coastal plain (northeast of the Venice Lagoon, Italy), evidences
of ancient sandy ridges testify to both the local coastline progradation and retrogradation that
occurred during the Holocene. Their arrangement is recognizable in aerial photographs as they
appear as groups of parallel sandy strips. The orientation of each group of ridges differs from the
orientation of the others. Even if the ridges have not preserved their original relief and morphology,
weak undulations are still locally present. Through the joint interpretation of textural parameters
and geomorphological observations and measurements, an attempt has been made to define the
depositional processes responsible for the formation of these sandy ridges. The results from grain-size
analyses have given evidence of the foreshore and the backshore environments. They have confirmed
the presence of both aeolian deposits in most of the sampled sandy ridges and fine-grained filling
sediments containing organic matter in the old inter-ridge depressions. The investigations have also
confirmed the existence of a well-preserved abandoned Piave river delta and four subsequent main
stages of coastal progradation interrupted by episodes of coastal retreat. Therefore, this research
has provided new insights into the evolution of the Holocene Venetian coastal plain by adding new
information on the different coastal depositional environments and transporting agents.

Keywords: sandy ridges; grain-size distribution; coastal environments; Holocene; eastern Venetian
coastal plain

1. Introduction

The lower Piave river coastal plain is located northeast of the Venice Lagoon (north-
western Adriatic Sea, Italy). The present setting of this territory is the result of natural
avulsions that occurred during the Holocene and human interventions (also responsible
for river diversions) carried out since the 13th century [1,2] to move away the Piave river
mouth from the Lagoon of Venice, thus preventing the progressive sedimentary infilling of
the lagoon produced by fluvial sediments.

In the study area, several land reclamation activities were also carried out from the
16th century to the second half of the 20th century to drain the extensive swamps that
characterized this territory historically. Dikes, canals, and sluices were created to prevent
river floods. Consequently, the present coastal plain is crossed by a dense network of canals
and ditches. Pumping stations keep this area dry.

Notwithstanding these extensive reclamation works, in the investigated area, abun-
dant traces of ancient sandy ridges [3], which appear as groups of parallel sandy strips, can
be clearly recognized [3–5] (Figure 1). Sandy ridges formed during periods of sea levels
higher than at present, so their presence testifies to the coastline progradation that occurred
during the Holocene [6–9]. However, these ridges have not preserved their original relief
and morphology owing to human interventions. Ground elevation usually ranges from −1
to +1 m a.s.l.; lower values (mainly down to 2 m b.s.l.) occur in reclaimed areas, whereas
higher elevation (generally up to 3 m a.s.l.) is measured on both the river banks and the
present-day beach ridges.
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Figure 1. Location of the study area and arrangement of the ancient sandy ridges (orange strips)
recognized in aerial photographs. The main progradation phases (Ph1 to Ph5) are separated by red
lines. Rectangles A, B, C, D, and E indicate the locations of Figures 2–6.

Figure 2. Evidence of the paleo-delta recognized SE of Torre di Fine (rectangle A in Figure 1) (first
progradation phase, Ph1). The green dots indicate core locations, whereas the red dot shows the
position of the radiocarbon dating (5460 ± 60 yr BP).
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Figure 3. Arrangement of the ancient sandy ridges that define the second progradation phase (Ph2)
(rectangle B in Figure 1). The green dots indicate core locations.

Figure 4. Arrangement of the ancient sandy ridges that define the third progradation phase (Ph3)
(rectangle C in Figure 1). Ph3a and Ph3b are two subgroups of Ph3. The green dots indicate
core locations.

Figure 5. Arrangement of the ancient sandy ridges that define the fourth progradation phase (Ph4)
(rectangle D in Figure 1). The green dots indicate core locations. S1 is a sample collected close to
the shoreline.

The arrangement of the ancient sandy ridges recognizable in aerial photographs also
makes it possible to distinguish a well-preserved cuspate paleo-delta east of the Piave River
(i.e., SE of Torre di Fine) [3–5].

The inner coastline position is located about 3 km inland of the current shoreline. At
present, it is testified by the presence of sand strips aligned along the direction Jesolo—Torre
di Fine, which have the same orientation as the present coast (i.e., SW-NE) (Figure 1). This
ancient coastline, possibly dating back to 6500 yr BP [10], could be connected to the one
recognized in the north-eastern Venice Lagoon and located just north of the alignment Lio
Maggiore—Lio Piccolo, featuring relatively well-preserved old beach ridges.

After the Holocene transgression in the analyzed coastal area, sedimentation was
mainly controlled by the fluvial discharge of the Piave river courses. It was also favored
by the longshore transport from NE, as still occurs. The sequence representative of the
highstand system tract is characterized by the prograding deposits formed when sediment
supply exceeds the rate of relative sea-level rise [11]. The related clinoformal wedge formed
along the Italian Adriatic coast over the past 5500–6000 yr [12–14]. The onshore distribution
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of relict shoreline traces reflects a subsequent alternation of phases of progradation due to
a positive coastal sediment budget and coastal erosion that occurred prior to the formation
of a new group of ridges.

Figure 6. Arrangement of the ancient sandy ridges that define the fifth progradation phase (Ph5)
(rectangle E in Figure 1). The green dots indicate core locations. S2 is a sample collected close to
the shoreline.

Regarding the study area, the inner alignment corresponds to the position reached
by the coast when the paleo-delta recognized SE of Torre di Fine started its progradation.
A sample collected from a depth of 1.83–1.95 m from ground level, close to one of the
northernmost sandy ridges that form the paleo-delta, dated back to 5460 ± 60 yr BP [4,15],
in agreement with the age of the clinoformal wedge (sample X in Figure 2). Mineralogical
analyses of sandy samples collected from the paleo-delta deposits seem to prove it origi-
nated by an ancient watercourse belonging to the Piave river system [4,15]. Similar results
have been obtained by analyzing the mineralogical composition of the sediments taken
from the old sandy ridges recognized west of the Piave River, thus confirming that they
were formed by ancient courses of this fluvial system, too.

Previous studies [3–5,15] have made it possible to identify the geomorphological
features of the study area and its main stratigraphic characteristics. Nevertheless, hitherto
sufficiently thorough sedimentological investigations aimed at identifying the prevailing
Holocene depositional environments were not carried out. Therefore, new studies, mostly
based on the analysis and interpretation of the textural characteristics of the sandy paleo-
ridges and related inter-ridge areas, have been performed to achieve this goal.

The diagnostic significance of grain-size properties calculated using graphic meth-
ods [16] or moment measures [17] to provide environmental interpretations is still uncertain.
Many scientists have stated that these parameters are useful to distinguish different en-
vironments, whereas others have argued that no significant relations exist (e.g., [18,19]
(references therein)). However, there is a common agreement that grain-size parameters
are fundamental properties that provide important information on the dynamic conditions
of transport and depositional processes [20–30]. According to this assertion and aware of
the skepticism expressed in recent times, an attempt has been made to define the sedimen-
tary environments of the Holocene sand deposits identified in the study area through the
joint interpretation of their textural parameters and geomorphological and stratigraphic
observations, thus providing new insights into the evolution of the Venetian coastal plain.
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2. Materials and Methods

The present study has been carried out using geomorphological investigations and
grain-size analyses of the samples collected during field surveys.

First, a detailed reconstruction of the shape and distribution of the ancient sandy
ridges identified on the lower Piave river coastal plain was obtained through the analysis
of a number of both black and white and color aerial photographs. Indeed, in the images,
these ridges appear as narrow strips that are lighter than the surrounding areas. Only the
available photos showing these alignments in a more clear and well-defined way were
selected for this purpose. So, images taken in 1978, 1983, 1987, 1999, 2003, 2005, and 2015
were analyzed. All the photographs were georeferenced based on known coordinates
available on digital topographic maps at the 1:5000 scale (Italian National System Gauss-
Boaga, Zone 2-East). During photo-interpretation, the alignments were manually digitized
using a Geographic Information System mapping software (ArcGIS 10.3), thus producing
the map of the sandy ridge arrangement (Figure 1).

During the subsequent field surveys, geomorphological observations and core collec-
tions were performed. Sampling sites were selected on the map showing the sandy ridge
position (Figures 1–6); they were mainly located on well-defined sandy ridges representa-
tive of the different progradation phases and were mostly aligned perpendicularly to the
ridges. Moreover, some samples were collected in the inter-ridge areas to detect possible
different sedimentological characteristics. For this purpose, a hand auger and soil sampling
equipment for manual drilling and sampling were used. Nineteen drillings (from 1.40 m to
2.30 m deep, depending on the thickness of the sand deposits to be analyzed and on the
depth of the groundwater table) were done.

A total of 72 samples were taken and analyzed (Tables S1–S5). Sediments were
collected from sandy deposits lacking evidence of anthropogenic reworking. Therefore,
the top deposits (mainly down to 60 cm from the ground surface, but in some cases,
deeper) weree not analyzed. Moreover, two samples (S1 and S2) were collected from
different sites close to the shoreline to compare ancient and present grain-size distributions
(Figures 5 and 6, respectively).

Before performing grain-size analysis, samples were dried and sieved to separate
plant and shell fragments (mesh size: 710 µm). The quarter method was used to select
about 60 g of sediments. Owing to the scarce content of organic matter, samples were not
pre-treated with hydrogen peroxide. Grain-size distribution was determined by using a
mechanical sieve shaker. Eight sieves (mesh sizes spaced at 1/2 phi interval) were used.

Then, sediments retained on each sieve were weighed, and the results were used
to calculate the main mode (i.e., the most frequently occurring grain size), to detect the
possible presence of secondary modes, and to draw cumulative grain-size frequency curves
by plotting particle diameter against cumulative percentages on probability paper [31,32].

Grain-size parameters and graphic representations were expressed in phi (Ø) unit, i.e.,
a logarithmic transformation of the geometric Udden-Wentworth grain-size scale [33].

In particular, the graphical statistical parameters of Folk and Ward [16] were calculated
for each sample (i.e., mean, sorting, skewness, and kurtosis) to possibly identify different
ancient depositional conditions. Even if other methods of calculation exist (e.g., the mo-
ment method [17,34]), this technique was applied because it is easier to use on sediments
containing up to 5% of fines [18]. The precision of the diagrams guaranteed the accuracy of
the results.

3. Results
3.1. Results from Geomorphological Investigations

East of the Piave River, the paleo-delta located close to Torre di Fine has been better
defined (Ph1) (Figure 2). It is characterized by evident sandy alignments, which are wider
and more spaced on the western side than on the eastern one.

Thanks to the orientation of the alignments recognizable between the lower courses of
the Sile and Piave rivers, four major phases of coastal progradation (Ph2 to Ph5) have been
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detected. Indeed, the sandy ridges representative of each phase have the same orientation,
which differs from the orientations of the alignments indicative of the others. These four
phases occurred after the formation of the paleo-delta near Torre di Fine.

The parallel alignments forming each group appear truncated.
Ph2 represents the western part of a partially preserved paleo-delta, which developed

SW of the previous one (Figure 3). The orientation of the ridges changes from NW–SE to
W–E approaching the present Piave river course.

The alignments representative of Ph3 can be divided into two subgroups as their
orientations are slightly different (Figure 4). In fact, in the northern sector (Ph3a), the ridges
are characterized by a prevalent WSW–ENE trend, which becomes W–E approaching both
the Sile and the Piave rivers, whereas southward (Ph3b) they are mainly W–E oriented and
weakly rotate close to the Sile River where they display a WNW–ESE orientation.

Ph4 is distinguishable from the previous one as the orientation of the related align-
ments is mostly NW–SE (Figure 5).

Ph5 is represented by a sequence of partially curved sandy ridges located close to the
Sile river mouth (Figure 6). From NE to SW, their orientation rotates counter-clockwise
until they arrange parallel to the present coastline, which is oriented SW–NE and sharply
truncates the alignments that define Ph3 and Ph4. Ph5 developed while the ridges indicative
of the previous progradation phases were eroding.

In aerial photographs, most of the ancient sandy ridges appear white speckled. These
features can be recognized in all the available images, but their shape generally is more
evident and defined in the oldest photographs. The mottles may be single- or closely-
arranged crescent-shaped features or joined to form sinuous chains. In other cases, their
shape is indistinct.

The presence of the old sandy ridges was also detected during field surveys carried
out in winter. Indeed, when the land is not cultivated, they appear as parallel stripes
characterized by alternating clear and dark tones. Very weak and wide undulations can be
locally observed, too; the rising forms corresponding to the clearer tones of the land surface.

Samples collected from the relict ridges were mainly composed of fine sands and
silty sands. Fragments of shells (bivalves and gastropods) of the coastal environment are
frequent. Plant remains (i.e., mainly fragments of thin leaves) are locally present; however,
they are generally not abundant. Coarser bioclasts or shells (more than 1 cm) are less
common; in particular, fragments of Cardiidae and Veneridae were recognized.

In the inter-ridge areas, silty and clayey sediments, sometimes including organic
material and bioclasts, have been detected. Sediments of a brackish environment have also
been found in the coastal plain extending between the inner SW-NE paleo-coastline and
the first alignment that defines the beginning of the progradation phases, both west and
east of the present lower Piave river course.

As regards the oldest paleo-delta, sands collected from cores 1A and 1C contain rare
fragments of shells having very small sizes (Table S1). Only in sample 1C-3 no bioclasts
were found. In core 1B, bioclasts are absent down to 1.80 m, whereas from −1.80 to −1.90 m
they are frequent and quite coarse; bivalve shells have also been recognized.

In the paleo-ridges representative of Ph2, fragments of shells are not always present
(Table S2). In core 2A, they are absent down to 1.75 m, while some bioclasts have been
found from −1.75 m to −2.00 m. In core 2B, fine sands have been recognized down to
0.85 m and from −1.5 to −2.10 m. In contrast, clayey silt and silty clay, locally containing
very small fragments of shells (size ≤ 1 mm) and organic matter, have been collected from
−0.85 to −1.5 m; regarding the sandy deposits, fragments of shells are present only below
−1.85 m. In core 2C, sandy sediments have been detected down to 0.80 m, lying over a silty
clayey layer from −0.80 m to 1.05 m deep; very scarce fragments of shells have been found
only from −1.60 m to −1.70 m and from −2.20 m to −2.30 m.

The transition from system 2 (Ph2) to system 3 (Ph3) is represented by the core 2/3A,
which has shown the presence of clay down to −0.85 m and sand from −0.85 m to −2.00 m.
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Fragments of shells are always present (Table S2); their size increases with depth, from less
than 1 mm (upper layers) to about 1 cm (1.80–2.00 m below ground surface).

In all, four cores 1.80 m deep have been selected to analyze the characteristics of
Ph3a (Table S3). In cores 3aA and 3aC, characterized by sands, bioclasts are absent. In
core 3aB, sands are present only from the ground surface to −0.50 m and from −0.80 m
to −1.80 m, whereas clayey silt and peat were detected from −0.50 m to −0.65 m and
from −0.65 m to −0.80 m, respectively. Sands do not contain bioclasts, while fragments of
gastropods are common in the silty and organic layers. In core 3aD, sandy silt and organic
clay characterized by very small bioclasts have been observed from the ground surface
to −0.80 m; on the contrary, samples collected from −0.80 m to −1.80 m are composed of
sands that locally contain few fragments of shells.

Sediments taken from the cores representative of Ph3b (3bA, 3bB, and 3bC) are all
characterized by sands, but their shell content is different (Table S3). In particular, in 3bA,
bioclasts are scarce down to −0.60 m and from −1.20 m to −1.80 m (their size increases
with depth) and absent from −0.60 m to −1.20 m. In 3bB, no fragments of shells were
detected, whereas, in 3bC, they are present only from about −0.60 m to the bottom of the
core: they are very scarce and small down to −1.10 m, more frequent and coarser from
−1.10 m to −1.20 m (up to 1 cm in size), and very abundant, but characterized by smaller
size (about 1 mm), from −1.20 m to −1.40 m.

Sandy sediments were also collected from all the cores representative of Ph4 (Table S4).
In 4A, bioclasts are present from −1.30 m to −1.90 m; in particular, they are more abundant
and coarse from −1.70 m to −1.90 m. In 4B, they are quite frequent from −0.60 m to the
bottom of the core, whereas in 4C they have been detected from −0.90 m to −1.70 m, their
abundance increasing with depth. In 4D, fragments of shells are present below 0.80 m from
the ground surface; they are not abundant and have variable sizes, generally between 0.5
and 3 mm.

Core 5A, selected to investigate the characteristics of Ph5, is composed of sands
containing rare millimeter-sized fragments of shells from −1.00 m to the bottom of the core
(Table S5).

The samples collected from the present beach face consist of sands in which some
bioclasts having a size of less than 3 mm are present.

3.2. Results from Grain-Size Analysis
3.2.1. Grain Size

The mean of the collected sediments mainly ranges from 2.24 Ø (1B-4) and 2.82 Ø
(2A-1) (Tables S6–S10), so they are classified as fine sands. These values are fully compatible
with the grain size of the present foreshore sediments (2.54 Ø in S1 and 2.67 Ø in S2). Only
2B-1 is composed of very fine sands (3.89 Ø). Most of the samples are unimodal (primary
mode in the 2.0–2.5 Ø or 2.5–3.0 Ø interval, except for 2B-1, which has its primary mode in
the 3.5–4.0 Ø interval), whereas the others are bimodal (secondary mode in the 4.0–4.5 Ø
interval).

Small variations in grain size occur both with increasing depth and by comparing
samples collected from different ridges. They are more evident in sediments collected from
the older paleo-delta (Ph1) and system 2 (Ph2).

As regards system 1 (Ph1), sands from the 1C site, located on a more recent paleo-ridge,
are finer; grain size generally decreases with increasing depth, contrary to sediments from
1B. In 1A, grain size fluctuates down to 1.30 m and increases in the lower layers.

Concerning system 2 (Ph2), in 2A and 2B, grain size increases with increasing depth,
whereas in 2C the opposite trend has been observed.

The grain size of the sediments collected from the core 2/3A increases with depth.
Very small variations in grain size have been detected in the samples belonging to

system 3a (Ph3a). Moreover, sediments collected from core 3aD have the same grain size.



Water 2022, 14, 1710 8 of 16

In system 3b (Ph3b), grain size ranges from 2.49 Ø to 2.74 Ø. It decreases with depth
in 3bA sands, whereas it tends to increase in the sediments of the other two cores of the
same system.

In system 4 (Ph4), grain-size variations are very small.
In core 5A, representative of system 5 (Ph5), grain size does not significantly vary with

depth except for the upper sample, which is coarser than the others.

3.2.2. Sorting

The distribution of grain size ranges from moderately sorted (the highest value is 0.75
in 2A-1) to very well sorted (the lowest value is 0.26 in 3aC-3) (Tables S6–S10). Variations
have been observed by comparing the results obtained from the analysis of samples
collected from different depths at various sites.

The best-sorted sands have been detected in Ph3a, whereas the sorting of sediments
from the other systems is quite variable, particularly those from Ph3b and Ph4. In system
5, sorting decreases with increasing depth, whereas samples from the other systems often
display a generally increasing trend. Sorting does not vary in samples collected from cores
2C (well sorted), 3aC (very well sorted), and 4C (moderately well sorted), whereas small
fluctuations occur in Ph1 sediments (moderately well sorted/well sorted).

S1 and S2 are well sorted.

3.2.3. Skewness

Skewness significantly varies. In the samples collected from the sandy ridges, it ranges
from −0.16 in 4A-6 (negative skewed) to 0.46 in 4D-1 (very positive skewed) (Tables S6–S10).
However, positive values are prevailing.

Negatively skewed sediments are mainly deep and have been found at the bottom of
the core.

In system 1, increasing and decreasing trends alternate. Most of the samples are very
positively skewed. The only negative value was detected at the bottom of core 1B.

In system 2, the three cores display different trends that vary with depth: indeed,
skewness decreases in 2A, increases in 2B, and fluctuates from positive to negative values
in 2C. Negative values approaching zero characterize the sediments collected from the
2/3A site.

In all the cores representative of system 3a, skewness always decreases with depth
and ranges from very positive skewed to negative skewed.

Variability characterizes sediments from system 3b. In core 3bA, skewness fluctuates
from positive to near symmetrical without defining a particular trend; in 3bC, it decreases
with depth (from positive skewed to near symmetrical), whereas 3bB sediments are fine-
skewed except for the upper sample that is near symmetrical.

Skewness also varies in cores belonging to system 4 (from very positive skewed in
sample 4D–1 to negatively skewed in 4A–6). Moreover, it decreases with increasing depth
in 4D, and from about −1.00 m to the bottom in core 4A.

In system 5, skewness is always very positive.
S1 and S2 samples are negatively skewed.

3.2.4. Kurtosis

Sandy sediments from the old ridges display kurtosis values that range from 0.92
(mesokurtic) in sample 2B-1 to 4.31 (extremely leptokurtic) in 1A-2 (Tables S6–S10).

Most of the samples from system 1 are very leptokurtic except for 1A-2 and 1A-3
sediments, which are extremely leptokurtic, and 1B-4 mesokurtic sands. On the whole,
some fluctuations were observed.

In system 2, alternating leptokurtic to very leptokurtic values frequently occur. Only
2B-1 sediments are mesokurtic.

In core 2/3A, kurtosis decreases with depth, from highly leptokurtic to leptokurtic.
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In the samples collected from system 3a, kurtosis varies. The higher value was
measured in 3aA-2, whereas the lower ones were calculated in sample 3aA-4, and in most
of the core 3aC (only the shallowest sediments are very leptokurtic).

In system 3b, different trends were observed: 3bA sediments are leptokurtic (except
for the upper sample that is very leptokurtic), 3bB sands are very leptokurtic, whereas, in
3bC, kurtosis decreases with depth from very leptokurtic to mesokurtic.

In system 4, kurtosis ranges from leptokurtic to extremely leptokurtic; however, most
of the samples are very leptokurtic.

In system 5, sediments are very leptokurtic.
Finally, sediments S1 and S2 are platykurtic.

4. Discussion

New investigations have made it possible to better define the textural and paleoenvi-
ronmental characteristics of the sandy ridges that testify to the Holocene progradation and
retrogradation of the lower Piave river coastal plain. Each stage of coastal progradation is
documented by a group of parallel alignments that appear truncated, thus indicating that
the coast experienced erosion before the occurrence of a new progradation step.

The white mottles frequently observed on the ancient ridges during photographic
interpretation have been interpreted as possible evidence of aeolian deposits as they have
the same characteristics as those identified in the alluvial plain of the Adige River (Italy)
and previously described by Rizzetto et al. [35] and Rizzetto [4].

4.1. The First Progradation Phase (Ph1)

The most ancient paleo-delta, representative of the first recognized progradation phase
(Ph1), underwent periods of more rapid growth during its later stages of development,
as testified by the arrangement of the sandy ridges in which older sandy barriers are
wider and less spaced than the southern ones (Figure 2). Moreover, cores 1A and 1B are
characterized by slightly coarser sediments than those taken from a more recent narrow
ridge (1C), possibly because they were collected closer to the ancient river mouth.

Sediments from all the three cores are composed of fine sands and are mainly mod-
erately well sorted to well-sorted, positive skewed to very positive skewed, and very
leptokurtic to extremely leptokurtic; in general, these conditions tend to be closely related
to high-energy environments (such as foreshore), with a high degree of textural maturity
and reworking [36–38]. In samples 1B-1, 1B-2, 1B-3, and 1C-3, the absence of bioclasts
coarser than grain size could represent evidence of aeolian deposits [39]. Only sample 1B-4
(1.80–1.90 m below ground surface) differs from the others because it is negatively skewed
and mesokurtic; moreover, its sediments are a little coarser and contain evident bioclasts
and bivalve shells (up to 1 cm). Based on its grain-size parameters and as it is at the bottom
of the core, it possibly represents the older beach deposits lying at the base of the ridge,
such as those characterizing intertidal environments [37] that can also be observed in the
present-day foreshore area.

4.2. The Second Progradation Phase (Ph2)

The west side of the partially preserved paleo-delta representing phase Ph2 is charac-
terized by relatively wide and closely spaced ridges, except for the northern alignments
that are narrow and more spaced (Figure 3).

Grain-size parameters of sediments collected from core 2A indicate variations in
depositional conditions. In particular, grain size decreases, and skewness increases (from
near symmetrical to very positive skewed) with decreasing depth. Only the deeper sample
contains fragments of shells up to 5 mm in size. These variations could be the evidence of a
transition from beach to dune deposits. In particular, more selective processes could have
been responsible for the good sorting observed in samples 2A-3 and 2A-2 with respect to
the sediments detected at the bottom of the core (sample 2A-4), whereas the increase in
skewness (from near symmetrical to very positive skewed) and the decrease in mean grain
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size, sorting (from well-sorted to moderately sorted), and kurtosis (from very leptokurtic to
leptokurtic) observed by comparing the grain-size distribution of samples 2A-2 and 2A-1
could be the result of aeolian transport and deposition of finer sediments.

Fine sands characterize 2C except for the presence of a silty clayey layer, 0.25 m
thick, collected from a depth of about 0.80 m, which could be related to the position of
the core, located on the subsequent alignment close to its northern margin. Consequently,
these sediments could belong to the fine-grained filling deposit of the ancient inter-ridge
depression located immediately north. Samples 2C-1 to 2C-4 are representative of the
underlying deposits. They are characterized by well-sorted sediments having leptokurtic
and unimodal distributions. Samples 2C-4 and 2C-3 are near symmetrical (negative and
positive numbers, respectively), whereas 2C-2 is negatively skewed. In addition, deposits
characterized by negative parameters contain small fragments of shells. These conditions
could be related to quite energetic environments affected by waves [37], responsible for
small variations in the proportion of different grain-size populations [40] due to winnowing
action that operates intermittently [36]. Unlike the previous ones, the upper sample (2C-1) is
positively skewed and not fossiliferous, thus reflecting a higher degree of textural maturity
and possibly representing aeolian sediments.

On the other hand, core 2B, which was sampled in the trough between the two
previously-analyzed sandy ridges, displays a partially different stratigraphic sequence,
including a clayey, silty deposit about 0.65 m thick, detected from a depth of 0.85 m and
containing organic matter. This layer likely represents a temporary fine-grained filling
deposit of the inter-ridge swale. The two sandy samples collected from the underlying
sediments exhibit different features. The deeper one (2B-2) is moderately well-sorted, very
positive skewed, and very leptokurtic, and contains some fragments of shells up to 4 mm
in size. These characteristics predominate in the shoreface/foreshore environments [37].
On the other hand, 2B-1 is composed of very fine sands, which are moderately sorted,
near symmetrical, and mesokurtic; coarser bioclasts have not been detected. According to
Reineck and Singh [41], the accumulation of the finer sands in the inter-ridge areas could
result from the selective displacement action of the wind from the ridges toward the more
depressed zone.

In core 2/3A, located in a relatively wide space between two ridges at the transition
from system 2 to system 3, fine sands containing fragments of shells have been detected be-
low a clayey surface layer about 0.85 m thick. According to Parrado Román and Achab [37],
as the size of both grains and bioclasts, as well as sorting, decreases with decreasing depth
and sediments are leptokurtic and near symmetrical, this distribution could represent a
transition zone from sandy to muddy-sandy facies.

4.3. The Third Progradation Phase (Ph3)

The textural characteristics of the subsequent progradation phase (Ph3) were investi-
gated by analyzing groups of cores having different locations: 3aA to 3aD representative
of Ph3a and 3bA to 3bC representative of Ph3b (Figure 4). All the alignments are quite
narrow; even if they are closely spaced, they are clearly distinguishable. Concerning Ph3a,
the cores display different features, and also because 3aA and 3aC were collected from two
ridges, while 3aB and 3aD are from the inter-ridge areas.

As regards core 3aA, the analyzed samples are composed of fine sands characterized
by variable grain-size distribution. Bioclasts coarser than particle size are absent. Samples
3aA-5 to 3aA-3 are well to very well sorted, near-symmetrical (3aA-5, characterized by very
low negative values) to negative skewed (−0.1 in 3aA-4 and 3aA-3), and leptokurtic (3aA-5
and 3aA-3) or mesokurtic (3aA-4). Moreover, 3aA-5 and 3aA-4 have a secondary mode in
the 4.0–4.5 Ø interval. Based on these characteristics and Greenwood’s [42] observations,
they likely represent aeolian deposits. On the other hand, the upper sediments (3aA-2 and
3aA-1) are positively skewed and display a decrease in sorting (from well to moderately
well sorted) and kurtosis (from extremely to very leptokurtic) with decreasing depth;
moreover, in sample 3aA–1, a secondary mode (4.0–4.5 Ø) is present. These conditions
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could represent the grain-size distribution of the aeolian sediments resulting from selective
deposition of fines [43]; variations detected from the bottom to the top of the core could
indicate modifications in the aeolian transport and accumulation processes. However,
deposits might also have partially inherited their changing characteristics from the original
source [18,44].

In core 3aC, the fine sands, which compose samples 3aC-4, 3aC-3, and 3aC-2, lack
fragments of shells and are very well sorted and mesokurtic; 3aC-4 is negatively skewed
(Sk1 equal to −0.1), whereas 3aC-3 and 3aC-2 have symmetrical size frequency curves with
low negative skewness. A similar distribution has been detected by Greenwood [42] in the
aeolian deposits from Barnstaple Bay (England) formed by the wind that has eroded the
beach and caused fine sands to drift landward.

In core 3aB, grain-size parameters of sandy deposits underlying the clayey and peaty
layers seem to indicate modifications in energy conditions, possibly related to wind action.
Indeed, they are characterized by the absence of coarse bioclasts and display a slight
decrease in sorting (even if it is always good) and an increase in both skewness (significant
variations, from negative to positive values) and kurtosis (slighter, from leptokurtic to
very leptokurtic) with decreasing depth. This trend is similar to samples 3aA-4 to 3aA-2,
collected from the sandy ridge located immediately north (same depth concerning sea
level). Therefore, the considerations made for 3aA deposits regarding the aeolian origin of
these deposits may also be applied to these sediments.

In core 3aD, samples collected below the silty and organic clayey layers are composed
of very well sorted (3aD-3 and 3aD-2) to well-sorted (3aD-1) fine sands. Their graphic
mean does not vary; it is a little coarser than that measured in most of the deposits sampled
during the present investigation. Moreover, some layers contain coarse fragments of shells.
These characteristics, together with the increase in skewness (from symmetrical to positive
sediments) and kurtosis (from leptokurtic to very leptokurtic), seem to indicate a foreshore
environment where the particles were continually moved by the swash and backwash of
breaking waves [42]. The local presence of bioclasts, mainly in the less deep deposits, could
reflect modifications in the competency of the transporting agent.

The fine-grained organic layers detected in both cores 3aB and 3aD, containing frag-
ments of reeds, are indicative of old marshes developed in the inter-ridge troughs.

As regards phase Ph3b, all the samples have been collected from sandy ridges. The
grain-size characteristics of 3bA-6, 3bA-5, and 3bA-4 indicate energetic coastal environ-
ments affected by waves as they are symmetrical to positive skewed and leptokurtic and
have unimodal distributions, with moderately- to well-sorted sediments [37,40]. Fragments
of shells are generally present, but their frequency varies, and their size decreases with
decreasing depth. The upper deposits are similar to those of the underlying sediments;
however, they lack bioclasts coarser than grain size. Therefore, these sands could have been
removed by the wind from the wave zone and then carried inland, thus preserving the main
features of the original sediment distribution. On the other hand, sample 3bA-1 differs
from the others because it is a little coarser, bimodal (secondary finer mode), moderately
well sorted, and very leptokurtic. The presence of scarce fragments of shells up to 1.5 mm
in size could indicate an increase in wind speed.

3bB sediments are a little finer than those collected from the other cores, do not contain
bioclasts, are positively skewed (except for the top sample that is near symmetrical), from
very well sorted (3bB-4) to moderately well sorted (3bB-3 to 3bB-1), bimodal (displaying a
secondary finer mode except for the bottom sample that is unimodal), and very leptokurtic.
Based on their grain-size parameters, they have been interpreted as aeolian deposits.
However, changes in distribution pattern seem to reflect small variations in the competence
of the wind responsible for a decrease in sorting and an increase in fines, which also leads
to a near symmetrical distribution with decreasing depth.

Sediments collected from core 3bC are composed of unimodal, very well sorted to well-
sorted fine sands containing scarce submillimetre bioclasts. Skewness and kurtosis increase
with decreasing depth. In particular, as regards the deeper sample (3bC-3), which is a
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little coarser (unimodal fine sand), near symmetrical and mesokurtic, could be indicative
of aeolian sediments carried inland from the beach (e.g., [42,45]) by moderately strong
winds as proved by the slightly coarser grain size of the deposit and the presence of
very few small fragments of shells. Unlike 3bC-3, cores 3bC-2 and 3bC-1 are positively
skewed and leptokurtic to very leptokurtic, thus displaying grain-size characteristics that
are more frequent in aeolian environments than the previous ones. In particular, a similar
distribution due to wind-blown nourishment coming from the beach has been observed
by Van der Wal [46] in the foredune sands located on the North Sea side of the Wadden
island of Ameland (Netherlands). On the other hand, the presence of coarse and locally
abundant fragments of shells that were detected below −1.10 m from the ground surface
could indicate a beach environment. Therefore, the whole sequence of core 3bC could
represent the transition from foreshore to dune deposits.

4.4. The Fourth Progradation Phase (Ph4)

The sandy ridges that define the fourth progradation phase are more closely spaced
than those identified in Ph3 (Figure 5). Consequently, many of them cannot be distin-
guished from one another, and they appear as if they merged westward. This occurrence
has been amplified by agricultural activities responsible for a reworking of the surface
deposits. Therefore, to analyze the grain-size distribution of the ridges representative
of the progradation phase Ph4, samples have been collected from cores located on well-
defined alignments.

The northern core is 4A, placed close to the boundary between Ph3 and Ph4, defined
by the presence of a sandy ridge having an east-west orientation. 4A samples are composed
of leptokurtic to very leptokurtic fine sands that display quite different characteristics
concerning sorting, skewness, and mode (4A-4 to 4A-1 are bimodal with a finer secondary
mode, whereas the others are unimodal). The lower samples (4A-6 to 4A-4) include
bioclasts whose abundance and size generally decrease with decreasing depth; their sorting
is good, but skewness progressively varies from negative (4A-6) to positive values (4A-5 is
near symmetrical and 4A-4 is positively skewed). In samples 4A-3 to 4A-1, fragments of
shells coarser than sand size have not been detected. Skewness increases in 4A-3 (positive
skewed) and decreases again with decreasing depth, thus becoming symmetrical in 4A-1.
The grain-size trend identified in core 4A indicates the transition from the foreshore to
the backshore environments. The characteristics of samples 4A–3 to 4A-1, together with
the absence of bioclasts, could be evidence of selective aeolian processes responsible for
an increase in sorting and a decrease in fine particle content with decreasing depth, also
resulting in less positive skewness values.

Cores 4B and 4C display the same grain-size distribution, and their sediments have
very similar characteristics, frequently observed in the foreshore environment (e.g., [36–38]).
Indeed, they are composed of moderately well-sorted fine sands, which contain coarse frag-
ments of shells and are positively skewed, very leptokurtic, and bimodal (finer secondary
mode). The more recent deposits lying on these sands have not been sampled because
of some evidence of anthropogenic sediment reworking that could have modified their
original features. Consequently, no data on possible subsequent wind activity are available.

Similar to the other cores, 4D is composed of fine sands. Sorting progressively de-
creases (from very well sorted to moderately well sorted), and skewness increases (from
near symmetrical, with negative values, to very positive skewed) with decreasing depth.
In addition, 4D-3 and 4D-2 are unimodal, very leptokurtic, and contain bioclasts, which are
coarser in the lower sample (4D-3). On the contrary, the top sample (4D-1) is bimodal (finer
secondary mode) and extremely leptokurtic; fragments of shells are not present. Therefore,
this grain-size distribution seems to be indicative of a transition from shoreface (4D-3) to
backshore (4D-1). In particular, the top sample characterized by different fractions (i.e., a
dominant coarse population and a subpopulation of fines) could represent a deposit that
originated far from the action of waves [16,47,48]. Owing to the complete lack of coarser
bioclasts and based on grain-size distribution, a possible wind action on depositional
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processes is not excluded. The presence of a significant amount of fines could be due to the
infiltration of silt, as suggested by Mason and Folk [47].

4.5. The Fifth Progradation Phase (Ph5)

Ph5 represents the most recent progradation phase (Figure 6). Sandy ridges are wide
and curved in the western sector of the study area according to the development of the Sile
river meander.

Grain-size distribution has been investigated by analyzing core 5A on a ridge located
east of the Sile river mouth. Three samples have been collected from this core; they are
composed of fine sands that are very positively skewed and very leptokurtic. The deeper
sediments (5A-3 and 5A-2) are less sorted and bimodal (finer secondary mode equal to
4.0–4.5 Ø) and contain rare millimeter-sized fragments of shells, whereas the upper sample
(5A-1) is well sorted and unimodal, and lacks bioclasts. The characteristics observed in
the latter are common in deposits accumulated by the wind [17,19,46,47,49] (references
therein); however, to some extent, they could have also been inherited from the original
source, i.e., the close wave-influenced zone that can have a very similar distribution.

5. Conclusions

In the coastal plain north-east of the Venice Lagoon, the arrangement of several ancient
sandy ridges testifies to the coastal progradation that occurred over the last 6000 years and
the shift of the Piave river delta caused by the migration of its course.

The remnants of the old sandy alignments have been preliminarily identified on aerial
photographs and then analyzed through geomorphological and granulometric investiga-
tions. The results obtained from grain-size analyses have made it possible to detect evidence
of the foreshore environment and the transition from the foreshore to the backshore in some
locations (e.g., 3bC, 4A, 4D) to confirm the presence of aeolian deposits in the most of the
sampled ridges, and to identify organic fine-grained filling deposits in the old inter-ridge
depressions.

Sands collected from the different sites, including those taken from the present shore-
line, display very similar grain sizes, thus confirming that during the Holocene sedimentary
conditions have not significantly changed, except for local variations mainly depending
on the different beach zones in which they accumulated, on the transporting agent, and
energy conditions.

As aeolian deposits frequently developed on the upper part of the sandy ridges, at
present most of them no longer exist because they have been destroyed or reworked by
anthropogenic activities. Nevertheless, some of them have been recognized. Sediments
that could indicate aeolian accumulation lack coarser fragments of shells but do not display
the same grain-size distribution. Most are composed of well-sorted, positively skewed, and
leptokurtic sands. However, some samples characterized by near-symmetrical or negative
skewness and low kurtosis could have had the same origin but still reflect the original
features of the source material or variations in wind energy. Moreover, in the inter-ridge
areas, the deposition of finer sands without bioclasts could have resulted from the selective
displacement action of the wind from the ridges toward the more depressed zone.

Therefore, the present investigation has provided new insights into the evolution of
the Holocene Venetian coastal plain. New information on the different coastal depositional
environments and transporting agents has been obtained through the joint interpretation
of textural parameters of deposits and stratigraphic and geomorphological observations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14111710/s1, Table S1: samples collected from the sandy ridges
of the paleo-delta identified SE of Torre di Fine (first progradation phase, Ph1). The presence of
bioclasts coarser than grain size is also indicated. Table S2: samples collected from the sandy ridges
of the second progradation phase (Ph2). The presence of bioclasts coarser than grain size is also
indicated. Table S3: samples collected from the sandy ridges of the third progradation phase (Ph3).
The presence of bioclasts coarser than grain size is also indicated. Table S4: samples collected from
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the sandy ridges of the fourth progradation phase (Ph4). The presence of bioclasts coarser than grain
size is also indicated. Table S5: samples collected from the sandy ridges of the fifth progradation
phase (Ph5). The presence of bioclasts coarser than grain size is also indicated. Table S6: samples
collected from the sandy ridges of the paleo-delta identified SE of Torre di Fine (first progradation
phase, Ph1). The grain-size parameters (i.e., mean (MZ, Ø units), sorting, skewness, and kurtosis) and
their classification are also indicated. Sorting (σ1): WS = well-sorted, MWS = moderately well sorted.
Skewness (Sk1): VPS = very positive skewed, PS = positive skewed, NS = negative skewed. Kurtosis
(Kg): EL = extremely leptokurtic, VL = very leptokurtic, M = mesokurtic. Table S7: samples collected
from the sandy ridges of the second progradation phase (Ph2). The grain-size parameters (i.e., mean
(MZ, Ø units), sorting, skewness, and kurtosis) and their classification are also indicated. Sorting
(σ1): WS = well-sorted, MWS = moderately well sorted, MS = moderately sorted. Skewness (Sk1):
VPS = very positive skewed, PS = positive skewed, nS = near-symmetrical, NS = negative skewed.
Kurtosis (Kg): VL = very leptokurtic, L = leptokurtic, M = mesokurtic. Table S8: samples collected
from the sandy ridges of the third progradation phase (Ph3). The grain-size parameters (i.e., mean
(MZ, Ø units), sorting, skewness, and kurtosis) and their classification are also indicated. Sorting
(σ1): VWS = very well sorted, WS = well-sorted, MWS = moderately well sorted. Skewness (Sk1):
VPS = very positive skewed, PS = positive skewed, nS = near-symmetrical, NS = negative skewed.
Kurtosis (Kg): EL = extremely leptokurtic, VL = very leptokurtic, L = leptokurtic, M = mesokurtic.
Table S9: samples collected from the sandy ridges of the fourth progradation phase (Ph4). The grain-
size parameters (i.e., mean (MZ, Ø units), sorting, skewness, and kurtosis) and their classification
are also indicated. Sorting (σ1): VWS = very well sorted, WS = well-sorted, MWS = moderately well
sorted. Skewness (Sk1): VPS = very positive skewed, PS = positive skewed, nS = near-symmetrical,
NS = negative skewed. Kurtosis (Kg): EL = extremely leptokurtic, VL = very leptokurtic, L = lep-
tokurtic. Table S10: samples collected from the sandy ridges of the fifth progradation phase (Ph5).
The grain-size parameters (i.e., mean (MZ, Ø units), sorting, skewness, and kurtosis) and their classi-
fication are also indicated. Sorting (σ1): WS = well-sorted, MWS = moderately well sorted. Skewness
(Sk1): VPS = very positive skewed. Kurtosis (Kg): VL = very leptokurtic.
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