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ABSTRACT

Holocene inner shelf mud wedges are important paleoenvironmental archives because they typically contain
continuous and extensive sedimentary sequences that can document past changes in sedimentary processes at
very high temporal resolution. Here we investigate the fine-scale, seismic patterns of the Late Holocene Adriatic
Mud Wedge (AMW), along the western Adriatic margin, to understand the processes of river-sea interactions and
their effects on sediments distribution. While analyzing high-resolution seismic reflection profiles, we docu-
mented variations in the architectural stratal stacking patterns of the AMW, largely related to short-term fluc-
tuations in sediment supply during the last sea level high (ca. 6000 years BP). Analysis of high-resolution seismic
profiles revealed that the AMW consists of five clinothems (referred to here as “seismic units” SU1 to SU5) that
were roughly dated by calibration with the continuous recovery well PRAD2-4. Each seismic unit is bounded by
minor floodplains (H1 to H5), reflecting periods of relative sediment starvation at the margin. Our analysis
provides an interpretative tool to differentiate the fluvial contribution of marine remodeling processes during the
AMW evolution on millennium to centennial timescales. In addition, small-scale geomorphic features such as
erosion surfaces, small distributary channels and terminal lobes were identified to provide information on het-
erogeneities that may impact an unconventional fine-grained delta reservoir, both in terms of continuity and
overall hydrocarbon potential.

1. Introduction

From the beginning of the 1970s, the study of the sedimentary and
facies architecture of modern delta-river systems improved significantly
as the oil industry realized the enormous potential of hydrocarbon re-
serves within fossil deltaic systems (Wright and Coleman, 1973; for a
thorough review, see Patruno and Helland-Hansen, 2018). In this
context, Holocene systems can be studied with high resolution in order
to generate predicting sequence stratigraphic models and scaling factors
useful to characterize low-resolution datasets (Alexander et al., 1991;
Martin et al., 1993; Xu et al., 2012). Holocene prodelta/mud wedge
systems are composed, following the model by Van Wagoner et al.
(1988) of a retrogradational Transgressive Systems Tract (TST) and an
overlying, progradational High-stand Systems Tract (HST). In general,
the HST-delta systems were mostly overlooked, as they were considered
the result of a relatively simple, homogenous sedimentary bodies, con-
sisting of repetitive stratigraphic patterns made up of advancing, pro-
grading clinoforms during relatively stable eustatic conditions (Diaz
et al., 1996; Lobo et al., 2002). In the early 2000s, European research
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projects such as Eustrataform and Eurodelta investigated several dozens
of meters thick prodelta systems extending over hundreds of kilometers
seaward of major Mediterranean deltas (e.g. Hernandez-Molina et al.,
1994; Trincardi et al., 2004; Cattaneo et al., 2004; Berne et al., 2007).
These studies allowed the detailed reconstruction of the Late Holocene
prodelta stacking patterns and of the relation between fluvial sediment
supply and lateral transport along the coast, where the sediments can be
further reworked by tides, waves, and oceanic circulation (e.g. Cattaneo
et al., 2003, 2007; Traykovski et al., 2007; Drexler and Nittrouer, 2008;
Harris et al., 2008; Pellegrini et al., 2015). In particular, the Late Ho-
locene Adriatic Mud Wedge (AMW) has been intensively studied for the
interplay between fluvial sediment supply and the along-shore, strong
oceanographic regime (Oldfield et al., 2003; Cattaneo et al., 2003, 2004,
2007; Harris et al., 2008; Piva et al., 2008) (Fig. 1). These studies have
been primarily focussed on the AMW evolution and architecture vari-
ability at the whole-body scale (Cattaneo et al., 2003, 2007; Niedoroda
et al., 2005; Palinkas and Nittrouer, 2006, 2007; Harris et al., 2008).
More recently, Pellegrini et al. (2021) concentrated the analysis on the
Little Ice Age (LIA), just before widespread regulation and damming of
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Apennine rivers occurred.

The present study is based on the analysis of high-resolution seismic
reflection profiles to decipher, in very high detail, the architecture of
AMW by analyzing stacking patterns, and seismic facies distribution, as
well as the presence of geomorphic elements within the AMW. The
analysis allowed us to reconsider the interaction between the along- and
across-shelf processes operating along the AMW and to compare it to
other occurrences of inner-shelf, mud-wedges on both ancient and
modern continental shelves at the sub-seismic scale. More specifically,
we aim to: i) unravel the fine-scale geometry and internal architecture at
the intra-clinothem scale, which are deposited at millennial to centen-
nial timescales; ii) discuss the sedimentary processes that control the
sediment deposition and dispersion across wide and low-angle inner
continental shelves, and how these processes may be related to fluctu-
ations in oceanographic regime and sedimentary inputs; iii) interpret the
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AMW fine-scale heterogeneities to aid in the interpretation of analog
sedimentary systems developed in similar settings, both in ancient and
modern successions.

2. The Adriatic Sea and the AMW: present-day physiography,
sediment supply, and oceanographic setting

The Adriatic Sea is a semi-enclosed basin located in the central
Mediterranean region, stretched between Italy and the Balkans (Fig. 1).
The Adriatic Sea is connected with the Mediterranean Sea through the
Otranto Strait, where water masses of both Atlantic and Levantine origin
are exchanged between adjacent basins (Fig. 1). The Adriatic Basin is
approximately 800 km long and 200 km wide elongated in NW-SE di-
rection. The northern and central Adriatic sectors, located between the
Po Delta and the Gargano Promontory, are shallow water (50-80 m of

Fig. 1. Thickness distribution of the Late Holocene Adriatic high stand mud wedge (AMW) (Modified from Cattaneo et al., 2007). The bathymetry of the Adriatic
Basin is from EMODnet data (https://emodnet.ec.europa.eu/geoviewer/). The pathways of the oceanographic currents flowing in the Adriatic basin are outlined:
Western Adriatic Coastal Current (WACC), Eastern Adriatic Current (EAC), North Adriatic Gyre (NAdG), Mid Adriatic Gyre (MAdG), South Adriatic Gyre (SAdG),
North Adriatic AAW (NAdDW), Levantine Intermediate Water (LIW) (redrawn with modifications from Poulain and Cushman-Roisin, 2001) The bottom-right inset is
the true colour satellite image showing the WACC carrying the suspended sediment plume along the coast of Italy, from the Po Delta to the Gargano Promontory.

Main Apennine Rivers, TR: Tronto River, PR: Pescara River, FR: Fortore River.
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depth), with an almost flat seafloor, except for the Mid Adriatic
Depression, that reach depths of 290 m (Trincardi et al., 2014). Fresh-
water is discharged into the Adriatic Sea from Alpine rivers (including
the Po River) to the north, and Apennine rivers (e.g. Tronto and Pescara
rivers) to the south. The Po is the largest Italian river, draining an area of
74,000 km? and with an average flow of 1500 m3/s, and, collectively,
Alpine rivers drain ~30% of the total catchment area of ca. 173,000
km?. The Po, with 13-15 million tons per year (Mt/yr) is the largest
single supplier of sediment to the Adriatic Sea (Cattaneo et al., 2003;
Kettner and Syvitski, 2008). The relatively short, steep Apennine River
account for around 32 Mt/yr, or about 60% of the sediment input to the
Adriatic (Cattaneo et al., 2003). The AMW is a 600 km long mud-wedge,
developed from the Po Delta to offshore Gargano Promontory in the
inner sector of the Western Adriatic Shelf (Figs. 1-3). The AMW is
currently swept by the surficial Western Adriatic Coastal Current
(WACC) which carries fresh water and suspended sediments running
shore-parallel to the Italian coast, with flow velocities of ca. 30 cm/s that
guarantee an overall southward transport (Poulain, 2001) (Fig. 1). Be-
sides, the across-shelf sediment transport is very limited, due to the
confinement effect of a strong haline front (Orlic et al., 1992; Artegiani
et al., 1997). This oceanographic setting is responsible for the great
elongation of the AMW together with its limited cross-shelf extent
(Cattaneo et al., 2007; Harris et al., 2008). The AMW has a simple,
delta-clinoform morphology, with a submerged topset and with the
bottomset that reaches depths of 60 m (Cattaneo et al., 2007; Pellegrini
et al., 2015, 2020) (Fig. 2a and b). Only offshore Gargano Promontory
the simple wedge-shaped geometry becomes more complicated, as the
AMW is split into two components by the presence of an outcropping
basement (Cattaneo et al., 2007; Pellegrini et al., 2015) (Fig. 2b). The
AMW deposition began ca. 6 kyr BP, during the current High-Stand
period of sea level (Trincardi et al., 1994; Cattaneo et al., 2003) (Fig. 2c).

3. Data and methods
3.1. Data analysis

This study is based on a dataset of high-resolution CHIRP seismic
sonar profiles, acquired on board the R/V Urania during the 2000s
(C0OS_2000, CSS_2001, and KS_2002 cruises) with a 16-transducer hull-
mounted Teledyne Benthos III sound source and 2-7 kHz signal capable
of penetrating the sedimentary succession for dozens of meters. Due to
the large regional extent, we sub-divided the AMW into three sectors:
the northern sector, between Conero Promontory and the Tronto River,
the central sector which comprises the Pescara River and the Punta
Penna Promontory, and the southern sector, offshore the Gargano
Promontory (Fig. 3a and b). The seismic profiles have been interpreted
following these steps: 1) identification of intra-AMW reflectors (H1 to
H4) that are traceable along the entire mud wedge through manual
picking and software (Geosuite All Works) aided correlation in order to
divide the AMW into discrete clinothems (labeled as Seismic Units, SU1-
SU5) (Fig. 4 a-f; 2) generation of isopach maps (all the depths are in ms)
for each clinothem through Global Mapper software using a grid of 2 km
x 2 km (Fig. 5a-f). Successively, clinothems have been characterized by
studying their internal geometries, variations in seismic facies charac-
ters, and stacking patterns, and by identifying their bedset terminations
(Figs. 6 and 7). Chronostratigraphic subdivision of the clinothems
within the AMW relies only on the correlation of the individual
bounding reflectors (H1 to H4) to the reference borehole PRAD 2-4,
collected within the EU project PROMESS 1 (Berne et al., 2007)
(Fig. 2¢)., Borehole PRAD 2-4 yielded a continuous, 35 m long sediment
recovery, collected on the inner shelf of the Western Adriatic Sea,
through a very expanded section across the Late Holocene. Vigliotti et al.
(2008) presented a description of the few control points used in gener-
ating the age-depth model of the PRAD 2-4 borehole (Fig. 2c).
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3.2. Clinothems in the chronostratigraphic framework

Clinothems from SU1 to SU5 are bounded by well-defined, high-
amplitude horizons, named: maximum flooding surface (Mfs), H1, H2,
H3, H4, and the present-day seafloor (Fig. 2¢, 4a-f). The boundary ho-
rizons H are highlighted by downlap terminations and bound relatively
conformable strata, and, presumably, mark short-lived episodes of
relative sediment starvation between successive pulses of high sediment
accumulation. Since during the Late Holocene the Adriatic shelf does not
experienced meter-scale variations in accommodation space, it remains
difficult to document a shoaling-upward trend within the AMW, even by
studying changes in the fauna association (e.g. Piva et al., 2008); how-
ever, the AMW overall represents the Highstand System Tract charac-
terized by an overall progradational/aggradational character.

The age span of the SUs of the AMW was calculated from the chro-
nology of the borehole PRAD2-4 for the Late Holocene with few control
points through a ca. 12 m thick HST succession (Vigliotti et al., 2008).
Based on the PRAD2-4 borehole, the SU1 encompasses a period from
~5700 kyr BP to ~3200 kyr BP (Fig. 2¢). The SU2 is between H1, at the
base, and H2, at the top, which spans approximately between ~3.2 kyr
and ~1000 yr BP (Fig. 2c). The SU3 rests between H2, at the base, and
H3 at the top. SU3 spans between ~1000 and 800 yr BP (Fig. 2c). SU4 is
bounded between the H3 and the H4 reflectors which matches the base
of the Little Ice Age (LIA; Piva et al., 2008). The SU5 encompasses the
last ~550 years, as it is bounded at the base by the LIA (H4) and the
present-day seafloor at the top (Fig. 2c).

4. Results
4.1. The Late Holocene adriatic mud-wedge

The present-day seafloor gradient of the AMW is exceptionally low in
the northern sector but progressively becomes higher in the central
sector, with maximum values around the Gargano Promontory (Fig. 3a).

The Maximum flooding surface (Mfs), created by manually picking
the Mfs reflectors all along the investigated AMW sectors shows similar
slope gradient with no remarkable differences with respect to the
present-day seafloor gradient of the AMW (Fig. 3b). A time-lapse of the
progressive AWM construction, created by picking the key boundary
horizons (H1-H4), shows as the thickening of bottomset is almost
negligible, as the majority of sediments are stored in the topset and the
upper foreset regions (Fig. 4a—f). The AMW isopach map, created by
picking the Mfs and the seafloor reflectors, shows that the thickness of
the mud belt increases southward: the overall values range between 20
and 25 ms for the northern and central sector, whereas the Gargano
Promontory hosts the major depocenter (up to 35-40 ms thick) (Fig. 5a).
The Gargano depocenter displays a strike-elongated (sub-parallel to the
present-day coastline) orientation, with a smooth top surface (Fig. 5a).
Internally, the AMW is composed of discrete clinothems generally form a
forestepping, sigmoidal, progradational pattern, migrating skewed
compared to the sediment entry points (Figs. 6 and 7).

4.1.1. Clinothem SU1

Bounded by the Maximum flooding surface (Mfs) and the Horizon 1
(H1), the clinothem SU1 represents the initial stage of the AMW depo-
sition after the attainment of the maximum marine ingression (Fig. 4b).
The SU1 reaches a maximum thickness of 9 ms in the northern sector and
of 13 ms offshore Gargano Promontory, where an elongated, smooth
depocenter parallel to the coast is present (Fig. 5b). However, the SU1
topset and the upper foreset are characterized by widespread biogenic
gas blanketing the seismic signal, therefore there is uncertainty about
the SU1 maximum thickness which could be increased by a few ms
(Fig. 4b and 5b). Southward of the Conero Promontory, the SU1 thick-
ness appears uniform, whereas a series of localized, sediment accumu-
lations is present in front of the Tronto River mouth and in the offshore
sector between Pescara River and Punta Penna Promontory (“isolated
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Fig. 2. Seismic reflection profiles CHIRP, vertical resolution of ca. 0.4 m, (see the inset boxes for their geographic location) showing the internal architecture and the
main physiographic elements of the AMW, in (a) the northern sector and (b) the southern sector. Green horizon marks the maximum flooding surface (Mfs) at the
base of the AMW. Purple horizon matches the present-day seafloor. c) Internal subdivision of the AMW into distinct clinothems (Seismic Unit, SU) by the 4 key
horizons (H1-H4) roughly dated by correlation with the PRAD 2-4 borehole, which provides the chronostratigraphic framework (Map in inset bottom right for the
location of the PRAD 2-4 borehole along the AWM).
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Fig. 3. Slope gradient of (a) the present-day seafloor and (b) the maximum flooding surface (Mfs) created by picking the two reflectors corresponding to Mfs and
seafloor, and then interpolated with Global Mapper and Allworks Geosuite software packages. The lack of data due to the presence of gas blanketing the seismic
signal of CHIRP profiles affects the reliability of the Mfs gradient in the central-southern sector. Note how the two surfaces have very similar gradients, in particular in
front of the Pescara River and offshore the Gargano Promontory. Dashed line: offshore limit of the examined AMW area.
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Fig. 4. Time-lapse of the AWM evolution with its constitutive five seismic units (SU1-SU5) and their boundary horizons (H1-H4/Seafloor). The relative change in
the depth of the seafloor during the AMW evolution can be appreciated, and in particular the fact that the majority of the sedimentation occurs in the area between
the topset and the upper foreset, while the bathymetry in the bottomset region remains almost unchanged.
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Fig. 5. Isopach maps of (a) the whole AMW and of its constituent clinothems SU1 to SU5 (b-f). Note that a persistent depocenter is maintained throughout the entire
construction of the AMW only in the offshore Gargano Promontory. A strengthening of WACC along-coast current, which is increasingly capable of reworking river-
derived deposits as the AMW grows, may be indicated along the other AMW sectors by the progressive transition from localized, repeated sediment depocentres to

more smoothed and elongated depocentres.

Fig. 6. a) Colour sketch of the seismic units (SU) showing the external geometry of each clinothem of the AMW clinoform, highlighting, in particular, the differences
between the foreset character and the thick and thin bottomset classification. b) Example of across-shelf profile shows distinct sigmoidal clinothem geometries,
bounded by the key horizons described in the text. Note the abrupt termination of SU3, which represents the clinothem with the shortest offshore extent. The Ir-
regularities in the otherwise well-bedded, high-amplitude reflectors along the foreset may represent channel-like incisions, whereas channel-lobe deposits seem to be
present in the distal bottomset. See Fig. 8b and 8c for a more detailed characterization of these geomorphic elements.

depocenters” in Fig. 5b). When viewed along dip, the SU1 has a marked
aggradation both along the foreset and in the bottomset (thick bottomset
type) (Fig. 6a and b). The SU1 has seismic facies characterized by low-
amplitude, continuous reflections, that are slightly convergent basin-
ward into high-amplitude seismic facies (Figs. 6b and 7a). The intra-

clinotheme, stacked bedsets are arranged into a series of downlap,
which results in an overall progressive landward migration (Fig. 7a). In
across- and along-shore oriented profiles the foreset is characterized by
V-shaped incisions that are up to 500 m wide and with depths of 5-8 ms
(Fig. 6b and 8a, b). Incisions are interpreted as due to the presence of
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Fig. 7. a) CHIRP profile showing the stratigraphic stacking patterns of the different SUs and the reflectors arrangement of the clinothem foreset region. The upper-
right inset shows a zoom of intra-clinothem, progradational/retrogradational bedset terminations, which are possibly related to short-time variations of sedimentary
inputs and/or changes in the along-shore current intensity b) Details of the seismic facies character of SU1, SU2 and SU3 with outlined the fine-scale arrangement of
the reflector architecture, and the main geomorphic elements in the topset region of SU4/5 c) Particular of the topset-forest region, showing the presence of incisions
also along the SU2 resembling the presence of channels scouring the foreset. The SU4 unit shows uniform thickness along both the foreset and bottomset, whereas the
SUS5 unit shows U-shaped erosional surfaces on which multiple, shallow-water, migrating channels develop. A chaotic thin interval seems to witness the presence of a
mass-transport deposit within the SU4. The lower right inset represents a zoom in the topset region in Fig. 7c, showing in more details the presence of shallow-water,
erosional channels encased in low-angle, large erosional surfaces both in the SU4 and SUS5 topsets.
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Fig. 8. a) Cross correlation of seismic CHIRP profiles showing the possible presence of erosive channels along the foreset and bottomset of SU1 in the AMW northern
sector. b) Channels in the SU1 and SU2 units seem to have an erosional character, whereas channels in the SU3 unit seem associated to depositional levees. Examples
of single-storey channels, with fixed position or limited displacement vs multi-storey channels which have characters suggesting important channel mobility, possibly
associated with migrations c) Particular of the distal foreset/bottomset region, where seismic mounds, interpreted as distal frontal splays/terminal lobes, are present

at the SU1 channel terminations.

very small-scale, shallow-water channels that scour the topset (which is
actually not visible due to gas hampering), the foreset, and that can
probably reach the bottomset (Fig. 8a). Channel-infill shows seismic
facies that seems to resemble fine-grained lithology, mud or silt with
minor sand (Fig. 8a and b). Channels also develop terminal frontal-lobes
in the distal foreset, with thickness less than 10 ms, as a series of mound-
shaped deposits with seismic chaotic facies witnesses (Fig. 6b and 8c).

4.1.2. Clinothem SU2

The clinothem SU2 (Fig. 4c) has a thickness that increases moving
southward, from an average of 8 ms off the Conero Promontory to values
of 11 ms offshore the Gargano Promontory (Fig. 5¢). The isopach map
shows a pronounced depocentre in the northern sector, offshore Tronto
River, and an another one in the Gargano offshore, with scarce, thin
accumulation sectors around the Punta Penne offshore (“thin depo-
centers” in Fig. 5¢). Geometrically, the SU2 shows progradation and
aggradation along the foreset and with a thinner bottomset, compared to
SU1 (thin bottomset type) (Fig. 6a and b). Internally, the clinotheme is
arranged into a series of marine onlap terminations which highlight
basinward to landward the terminations of the bedsets (Fig. 7a). The
foreset seismic facies has high-amplitude reflectors, with scarce conti-
nuity, showing sub-parallel to converging pattern (Fig. 7b). As for the
SU1 case, especially offshore Pescara-Punta Penne coastal sector, the
foreset uniformity is interrupted by a series of small-scale, V-shaped
incisions (Fig. 7c). These features are interpreted also in this case as
erosive, shallow-water distributary channels, crossing the foreset down
to the bottomset (Fig. 7c and 8b).

4.1.3. Clinothem SU3

The isopach map of the SU3 clinothem shows that the thickest
accumulation takes place offshore Gargano Promontory, with an elon-
gated depocentre about 8 ms thick (Fig. 5d). Others two main depo-
centers are present in front of the rivers south of the Conero Promontory,
and the Pescara River mouth (Fig. 5d). The SU3 unit shows marked
aggradation along the upper foreset and rapid decrease in thickness in
the bottomset (thin bottomset type) and an abrupt offshore termination
(Fig. 6a and b). The stratal stacking pattern delineates a series of bedset
terminations that give rise to an overall back-stepping architecture
(Fig. 7a). The topset is characterized by many toplap truncations sug-
gesting the presence of erosional surfaces, 1-2 km wide (Fig. 7b). Within
these erosional surfaces, channels seem to be present and are in some
cases filled by sediments (Fig. 7b). Along the upper foreset, distributary
channels are present and their character is sometimes depositional, as
they seem to developing very thin levee deposits (less than 5 ms thick)
on their sides (Fig. 8b).

4.1.4. Clinothem SU4

Compared to previous SUs, the isopach map of the SU4 shows a
uniform thickness along all the AMW, with closely-spaced, lobated de-
posits (“repeated depocentres” in Fig. 5e). The SU4 average thickness is
around 5 ms, except for the thickest depocenters located offshore Gar-
gano Promontory (Fig. 5e). Across-dip, it shows a relatively uniform
thickness moving offshore, with aggradational foreset and bottomset
(thick bottomset type in Fig. 6a and 7b). Along the foreset, the reflectors
show a high-amplitude facies, and are parallel and well-bedded, as
channels or incisions are not present (Figs. 6b and 7a, b). On the con-
trary, wide, low-angle, erosional surfaces are visible in the topset region,
as witnessed by many toplap truncations (Fig. 7b and c). As for the
previous SU3, also in this case, topset channels are enclosed within the
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wider erosional surfaces (Fig. 7c). Southward of the Conero Promontory,
the seismic facies of the lower foreset is locally chaotic and stands out
from the otherwise undisturbed upper foreset stratigraphy, made up of
well-bedded, high-amplitude reflections (Fig. 7c). This chaotic facies
may correspond to sediment failure that have involved a thin package of
sediments (Fig. 7c).

4.1.5. Clinothem SU5

Also, in the SU5 a southward increase in thickness is observed, with
the sedimentary pile that reaches values of 12 ms offshore Gargano
Promontory (Fig. 5f). Sediment distribution appears rather uniform
along the northern and central sectors, with the presence of elongated
and coalescent depocentres (Fig. 5f). The SU5 has a marked prograda-
tional and aggradational character along the foreset and the distal bot-
tomset, respectively (thick bottomset type) (Fig. 6a, b, 7a). The topset
region represents the thicker sector of the whole clinothem, with the
abundant presence of shallow-water channels, resting on top wider, low-
angle erosional surfaces, around 5-7 ms deep (Fig. 7b and c). Generally,
the incisions end in the upper foreset, where, when see along-dip,
display bidirectional downlaps that may resemble crevasse deposits or
small-scale delta lobes (Fig. 9). Wavy reflections affect the foreset and
bottomset (Figs 7b). Wavy reflections (crenulations in the sense of
Urgeles et al., 2011) display overly complex geometric patterns when
viewed along strike, as they are also cut by subtle, low-angle erosional
surfaces matching with truncated reflections, that seem to resemble
large scours (Fig. 9).

5. Discussion
5.1. The Late Holocene AMW: thickness and sediment distribution

Along continental margins, multiple rivers feed the shelf and their
sediment contributions combine together to form a line source (Jaeger
and Nittrouer, 1999; Walsh et al., 2004; Cattaneo et al., 2007; Liu et al.,
2009; Patruno et al., 2015; Pellegrini et al., 2021). Sediments originate
from the mouth of each river, but along the shelf these contributions
become mixed together by waves and currents (Warrick, 2020), in a way
that distinct compositional fingerprints of the fluvial catchments need to
be determined to understand sediment provenance (Revel et al., 2010;
Ehrmann et al., 2016). This is particularly true in muddy systems
affected by advective sediment transport, such as those associated with
the Rhone, Mekong, Yellow and Yangtze rivers. Here the sediments
delivered to the sea remain confined in the inner shelf along mud banks
that extend for 150 km (Berne et al., 2007), 500 km (Xu et al., 2012),
600 km (Liu et al., 2009) and up to 800 km (Liu et al., 2009),
respectively.

In the case of the AMW, the isopach maps show that SU1, SU2, and
SU3 host localized depocenters that protrude from the coast in a lobate
shape, and are located in particular between Conero Promontory and
Tronto River and offshore the Pescara River (Fig. 5b, ¢, d). We interpret
these localized lobes as features of high-discharge flooding from the
Apennine Rivers. We assume that, during the interval between SU1 and
SU3 deposition, the cross-shore sediments transport was an important
component of the sediment budget delivered to the inner-shelf, while
the sediments were not efficiently redistributed along the shoreline (i.e.
by the action of the WACC). With the further progressive mudbelt pro-
gradation and aggradation, and the consequent reduction in bathymetry
and accomodation space (Fig. 4a-f), there is a progressive overturning in
the style of deposition, with the along-shore currents taking over in the
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Fig. 9. Evidence of small-scale lobes in the upper foreset region of the SU5 unit around Punta Penna. The stratigraphic architecture of the older SUs is characterized
by continuity of the reflectors along the foreset, whereas in the later stages as SU5, the presence of sediment waves and depositional lobes arranged in a
compensational-cycle style, may be related to a more complex interaction between riverine inputs and along-shore currents.

redistribution of the sediments along the AMW.

During the entire AMW development, the Gargano depocenter re-
mains a long-lived feature, appearing as an elongated, smooth and thick
depocentre (Fig. 5a—f). We hypothesize that such depocentre architec-
ture is the result of the accelerated hydrodynamic regime created by the
interaction between the WACC and the coastal bulge formed by the
Gargano Promontory (see Cattaneo et al., 2007; Martorelli et al., 2010).
The region upstream the Gargano Promontory tip represents, in fact, a
coastal sector where a substantial reduction of the along-shore current
velocities has been observed (e.g. Harris et al., 2008), and this regime
can lead to an increased sediment deposition, with the Gargano depo-
centre representing the thickest AMW portion.

5.2. Geometry of the SU: offshore extent and bottomset type

The variability in SUs geometry, and in particular in the SU bot-
tomset character and offshore extent can be due to three conditions that
are not mutually exclusive: 1) substantial increase in the energy regime
of along-shore WACC capable of hampering the AMW progradation and
thus preventing sediment to reach the bottomset (thin bottomset) (see
also Cattaneo et al., 2007). Particularly, during the SU3, which indeed
shows the shortest offshore extent, the WACC confined the sediment
accumulation mainly in the upper foreset/topset. 2) A second hypothesis
consider an unchanged value in current intensity but a subtle shift of the
WACC position, toward the shallower regions of the AMW, due to
changes in thermohaline properties at seasonal and decadal scales, as
documented by oceanographic temporal series (e.g. Vilibi¢ et al., 2013).
3) The third hypothesis considers an increase in the across-shore sedi-
ment supply component that controls the clinothem offshore extent, by
overwhelming the effect of along shore currents (see Hampson and
Storms, 2003; Zhang et al., 2019; Carvajal et al.,, 2009; Zavala and
Arcuri, 2016; Plink-Bjorklund, 2020). In particular, the SU4/5 thick
bottomsets correspond to the late period of AMW construction, when the
advection favored the bottomset aggradation through sediment resus-
pension of sediments from the foreset to the bottomset. In addition, in
the SUS case, the relative increased activity of the WACC has been also
favored by the fact that Apennine rivers have been partially “chocked”
in consequence of the effects of anthropogenic interventions as
damming and river harnessing (Palinkas et al., 2005; Stevens et al.,
2007).
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5.3. Seismic stacking patterns at intra-clinothems scale

The examination of the geometric arrangements of seismic reflectors
and bedset terminations highlighted changes in the intra-clinothem
stacking patterns during the AMW evoution (Fig. 6b and c). These
types of intra-clinothem motifs, which have been largely documented
both across modern deltas and also in their ancient counterparts, have
been interpreted as the result of the impact of short-term vs long-term
sedimentary processes during the mud belt construction (Lobo et al.,
2005; Xue et al., 2010; Lee et al., 2005; Peng et al., 2018). We speculate
that this different stratal pattern and bedset terminations configuration
could be influenced by the short-lived climatic variations, which have
dictated secular sediment supply fluctuations of riverine input (see
Fanget et al., 2014; Bassetti et al., 2016; Cong et al., 2021). The climate
of the Late Holocene in the Mediterranean has been largerly investigated
in the last 20 years, highliting, also in the Adriatic region, the presence
of centennial-scale hydrological events, that often correspond to
wet-dry-wet climatic cycles, where solar irradiance cyclicity and the
North Atlantic Oscillation variability have been considered the primary
driving mechanisms (Nieto-Moreno et al., 2011). This natural climate
variability has the controls on fluvial discharges, erosion in drainage
basins as well as hydrodynamic regime of water masses and currents: all
these factors influence on the supply, transport and mechanism of
deposition of sediment over time (see Piva et al., 2008; Dermody et al.,
2012; Siani et al., 2013, Bassetti et al., 2016, Fanget et al., 2014; Gou-
deau et al., 2015 for a comprehensive review). We do not consider the
role played by variations of the accommodation space and oscillations in
the sea level to be sufficient controlling factors, that, although not
negligible, have values of less than 1 m (see Baker and Haworth, 2000;
Siddall et al., 2003; Piva et al., 2008 for sea-level variations during the
last HST). Intra-clinotheme difference in bedsets stacking patterns have
been higlighted by Pellegrini et al. (2021), where authors show that the
different styles of intra-clinotheme arrangement can be linked to events
of hyperpycnal flows, storms and bottom currents acting concurrently in
the basin. Earlier works also documented a strong interaction between
river flood and the effect of along-shelf redistribution, in controlling the
resultant intra-clinotheme motif (e.g. Slingerland et al., 2008; Duran
et al., 2018; Carlin et al., 2019; Gamberi et al., 2020).

5.4. Role of intra-clinotheme channels in the across-shelf sediment
transport

Within mud-prone, shallow-water mudbelt, the presence of fine-
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scale elements linked to across-shelf sediment flows has been reported
rarely, and generally, the few, documented examples come from ancient
systems (see Pattison et al., 2007; Hampson, 2010; Zhang et al., 2017; Li
and Schieber, 2018). However, several studies have demonstrated that
sustained hyperpycnal flows can develop also across gently sloped
shelves, as the case of the Adriatic inner shelf (Winterwerp, 2006; Van
Rijn, 2007).

Our hypothesis that the V-shaped incisions found within SU1 and
SU2 are shallow-water channels formed during the AMW early stages,
and linked to riverine processes, is supported by their architectural
arrangement, as they seem to develop all along the foreset (with single-
and multi-storey incisions) coupled with the presence of lobated-shape
deposits at the bottomset. In the AMW, this arrangement, i.e. cut-and-
fill features, and distributary channels with associated terminal lobe
has been documented also in the modern Po delta by high-resolution
seismic and bathymetric surveys (Correggiari et al., 2005; Bosman
et al., 2020). More in general, sustained flows that can bypass the coastal
areas during river floods are necessary to form topset to foreset channel
pathways, even without the presence of a high-slope angle or high
sediment concentrations (Lamb et al., 2010). The presence of these
channel features, oriented perpendicular to the coast dip, and that reach
water depths up to 55-60 m, at distance up to 15 km from the coastline,
let us speculate that their origin could be mainly related to riverine
activity (e.g. Oliaru and Bhattacharya, 2006; Pattison et al., 2007; Xiong
et al., 2023). Hyperpycnal-aided mud flows are in fact capable to
cross-shelf transport of suspended sediments to advance far beyond the
coastline, especially if they are generated by “dirty river systems”, i.e.
those small mountainous rivers capable of very high discharge rates,
draining high-relief terrains (Mulder and Syvitski, 1995; Johnson et al.,
2001). The relatively small, Apennine rivers represent sediment delivery
systems which provide a sediment flux disproportionate to their size,
due to steep gradients associated with the smaller watersheds of
tectonically active regions such as the Apennine chain (Milliman and
Syvitski, 1992; Syvitski and Kettner, 2007; Milliman and Farnsworth,
2011). During the last century, dam construction, river stabilization, and
quarrying have altered the discharge of Apennine rivers and reduced the
amount of sediment load delivered to the Adriatic Sea (Acciarri et al.,
2016). However, in pre-dam conditions, Apennine rivers were capable
of freely discharging considerable quantities of sediments which were
likely to generate hyperpycnal discharge across the AMW (see Milliman
and Syvitski, 1992; Farroni et al., 2002; Borrelli et al., 2014; Pellegrini
et al., 2021). Moving from older to more recent SUs, channels gradually
decrease in size, extent, and recognizability. In SU4, and especially SU5,
channel-like features are only present within U-shaped erosional sur-
faces on the topset, which resemble the features that have been docu-
mented by Bosman et al. (2020) in the Po prodelta system (Fig. 7c). We
speculate that the lowering of the receiving shelf’s relative water depth
as a result of the AMW growth, along with the damming and utilization
of Appennine rivers over the past century, can account for the decline in
the distance covered by the channel-like features.

5.5. Ancient and modern analogues to AMW

There have been many different genetic interpretations of the evi-
dence of submarine channelization within inner-shelf, shallow-water
successions, including variations in the depositional environments, the
position of sea level, and the sea-level curve (i.e. e. high-versus low-
stand). Channelization in delta and prodelta front has been largely
documented in coarse-grained, Gilbert-type deltas, whereas, in low-
angle, fine-grained settings, the evidence are lower (e.g. Olariu and
Bhattacharya, 2006). The presence of marine mudstone-encased sand-
stone/heterolitc bodies linked to across-shelf sediment transport has
been identified along the outcrops of Devonian-Cretaceous Western
Interior Seaway of North America and Canada, within ancient
mud-prone, shallow-water mudbelts (Pattison et al., 2007; Varban and
Plint, 2008; Soyinka and Slatt, 2008; Bhattacharya and MacEachern,
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2009; Hampson, 2010; Wilson and Schieber, 2014; Hampson and Pre-
mwichein, 2017; Li and Schieber, 2018). The many studies conducted on
the isolated clusters of shelfal-channels in the Blackhawk Formation
(Book Cliffs, USA) among all the pertinent and comparable systems,
indicate that the formation of a shallow-water, across-shelf transport
component can occur even in an environment that shows a remarkable
resemblance to the Western Adriatic Shelf (see Pattison et al., 2007;
Pattison and Hoffman, 2008) (Fig. 10). In particular, the detached sand
bodies in the Kenilworth Member suggests that channelized bodies occur
also during the HST and are not solely restricted to the low stand and
falling stage systems tracts. The deltaic clinoforms formed on the shelf
(or shallow ramp) of the Rock Springs Formation (Lower Campanian of
Western Interior Seaway), and of the Battfjellet Formation (Eocene
Central Basin of Spitsbergen), where progradation was primarily driven
by deposition from weak hyperpycnal flow turbidity currents (Plink-B-
jorklund, 2020). Discrete intervals of large scours interpreted as the
result of the erosional activity of flows linked to high-discharging fluvial
events and storms have been reported also from the Devonian Lower
Gennesse Group (Wilson and Schieber, 2014).

Among the examples from the modern systems are Syvitski and
Farrow (1989), who worked on the bayhead prodelta and showed how
high-density hyperpycnal flows can be generated on fine-grained delta
fronts. These flows have the ability to cut subaqueous channels and
transport sand into the prodelta region. Similarly, in the fine-grained
Huanghe delta, high-density flows have been suggested to be the
cause of channel cutting and sediment transport into very-shallow wa-
ters (Wright et al., 1986); finally, in the tide-dominated Han River Delta,
where the 40-50 m high highstand delta clinothems are channelized by
tidal channels in the innermost 30 km (Cummings et al., 2016).

6. Conclusions

Through the interpretation of very high-resolution CHIRP profiles,
the Late Holocene Adriatic Mud Wedge (AMW) along the Western
Adriatic Sea was analyzed. This analysis resulted in the identification of
AMW stacking patterns and small-scale geomorphic architectural ele-
ments, such as foreset channels and lobes, that are generally thought to
be uncommon in this type of environment. The internal architecture of
AMW exhibits variations in intra-clinothem stacking patterns of the
bedset-termination migrations as well as alternating complex geome-
tries (thin vs. thick bottomset). e. brief) that suggest a complex history in
which the system seems to be impacted by changes in the oceanographic
regime and sediment supply.

The AMW internal architecture shows alternations of the complex
geometries (thin vs thick bottomset), and the difference in composite
stacking patterns (i.e. short-lived phases of intra-clinothem bedset mi-
grations) that are indicative of a complex history, where the system
appears influenced by the fluctuations in the sediment supply and
oceanographic regime interaction.

Specifically, it appears clear that the riverine-linked sediment supply
regime gradually decreases over time, giving way to a redistribution of
sediment via stronger along-shore currents. The primary evidence is the
gradual shift from the foreset channels of the older Sus, to the smaller-
scale forms of the late AMW stages, which are mostly restricted to the
topset region. This evolution is coupled with the transition from local-
ized deposition in front of the mouths of the main Apennine rivers of the
older SUs, to more smoothed and uniform depocentres distributed along
the coast of the younger SUs. This implies that in the early stages, the
sedimentary “linking” between the topset and the bottomset of the AMW
was guaranteed through sedimentary pathways created by fluvial sedi-
ment and carried offshore throughout riverine hyperpycnal flows. By
contrast, in the later stages, most of the sediments remain trapped in the
topset/upper foreset sectors, where they are heavily reworked, as the
presence of erosional surfaces seem to indicate, and finally redistributed
along the coast and toward the offshore by along-shore currents.

Our results imply that, despite the apparent AMW homogeneity at
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Fig. 10. Schematic cross-section oriented along the depositional dip of the Campanian Aberdeen/Kenilworth shelf-system (Book Cliffs, Utah, USA) (modified from
Pattison et al., 2007) used as a comparison with the shallow-water, inner-shelf channelization of the AMW. Key dissimilarities include the substantial diversities in
the Book Cliff channels horizontal scale, which is an order of magnitude lower than the systems found in the AMW, and the nature of the channel infill, which is

virtually unknown in the AMW.

the regional scale, m-scale, lateral, and vertical heterogeneities are
formed due to the complex bedset terminations stacking patterns and
the presence of channels, lobes and the large erosional surfaces along
topset and the foreset. Low-resolution datasets associated with these
types of environments require consideration of these factors, as they can
alter the exploration and exploitation estimates for shallow water,
mudbelt-linked reservoirs.
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