PRAD1-2 may reflect climate variability, as indicated by phases of Apennine and Alpine glaciers
advances and retreats (Giraudi, 2011; Florineth and Schluchter, 1998), and variations in the sediment
storage and bypass toward the basin related to the fluvial response time and autogenic processes
(Muto and Steel, 2002; Nijhuis, et al., 2015). The finding from the Po River lowstand delta highlights
that, although coarse-sediment delivery to the deep sea is expected principally during periods of sea
level fall and lowstand (Covault and Graham, 2010), sand bypass toward the basin may not be
continuous even on very short times: high-frequency base level oscillations may force the
development of sandy deposits separated by flooding surfaces and relatively thick muddy clinothems
(Fig. 4). In this scenario, stacked sandy deposits separated by mud drapes constitute discrete-
individual sedimentary bodies and may represent an interesting case of compartmentalization within

a single high-frequency lowstand deposit (Ainsworth, 2010).
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Fig. 1: A) Study area with ISMAR high-resolution seismic data (gray lines) and the location of
multichannel seismic lines (note the location of seismic line LSD22 in red) and PRAD1.2 borehole
(large green dot). B) Po River drainage area during LGM (modified after Maselli et al., 2011) and
Alpine and Apennines glaciers extent (modified after Florineth and Schltichter, 1998; Giraudi, 2011).
White lines represent the ancestral Po River and its tributaries; Green and yellow polygons depict Po

River coastal plain and delta front, respectively.
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Fig. 2: Core images illustrate respectively, 1: the sharp-based sand beds in the proximal foreset and
2: the bioturbated organic-rich etherolitic sediment of the bottomset of Type 3 Clinotheme; in Type
3 the “healing phase” uniform mud records the last 14.4 kyrs (Asioli et al., 2001). Borehole PRAD1-
2 in the distal correlative (right) allows dating individual flooding surfaces that partition the expanded
lowstand wedge of the LGM (left); 1*C constrained stable isotope curves on planktonic and benthic
foraminifera allow correlation to global sea-level curves. Even in the distal location of borehole
PRAD1-2, peaks of supply occur consistently during the formation of Type 1 Clinothems,

characterized by descending trajectory and sand bypass to the slope basin.
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Fig. 3: Multichannel seismic profile LSD22 and line drawing (bottom left). Subtle changes in the
topset geometry and shelf-edge trajectories reflect changes in accommodation accompanied by
changes in the foreset and bottomset stratal geometry, primarily related to the amount of sand bypass
off shelf. Above the sequence boundary (at ca. 31 kyr), individual clinothems show a decreasing
height (from 260 m to 80 m) and seaward extent (18.5 km to 3.5 km) as the bottomset area aggrades
substantially filling the slope basin and rising significantly the foundation surface for the clinothems.
The youngest clinotheme, above the green reflector and records a major landward shift of the
shoreline accompanied by high supply to maintain shelf-edge progradation and occurs just before

15.7 kyr BP.
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Fig. 4: Idealized Po River lowstand wedge architecture and chronostratigraphic (Wheeler) diagram.

Type 1 and Type 2 alternate repeatedly. Type 1 records the destruction of accommodation (expressed
by the erosional topset surface), associated with sandy lobes in the bottomset, and is capped by
flooding surfaces that record landward shifts of the coastal onlap in the order of tens of kilometers.
Type 2 records constructional accommodation phases (as suggested by ascending rollover point
trajectories) coupled with the presence of mass transport deposits in the basin. Type 3 develops at the
end of the lowstand and heralds the drawn of the system with maximum aggradation rates on the shelf
and the greatest landward migration of coastal onlap; even in these conditions cm-scale sand layers

reach the slope as hyperpycnal flows (see Fig. 3).
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4.2) Additional Material
4.2.1) Chronology of the PRAD 1-2 borehole

The chronology of the investigated interval of borehole PRAD1-2 relies on the integration of both
new and already available in literature (Table 4.1; Piva et al., 2008) *C AMS dates, accompanied by
tephrochronology on macro and cryptotephra (Bourne et al., 2010) as well as on bio- and event-
stratigraphic control points (Piva et al., 2008). The six radiocarbon dates available from literature
were performed on benthic monospecific samples, on either Elphidium crispum or Hyalinea balthica,
at the Poznan Radiocarbon Laboratory, Poland, while the five new ones were performed on benthic
monospecific samples, on either Elphidium crispum, or Glandulina laevigata at the NOSAMS
National Ocean Sciences Accelerator Mass Spectrometry Facility, Department of Geology and
Geophysics, Woods Hole Oceanographic Institution, USA and at Poznan Laboratory. The specimens
were picked up from the size fraction >0.250 mm.

All the ages were calibrated for the present study using the online Calib 7.1.0 Radiocarbon
Calibration Program (Stuiver and Reimer, 1993) and the calibration data set Marine13.14c by Reimer
et al. (2013). AR (reservoir) of 135.8 years with a standard deviation of 40.8 years, was obtained by
two sites on the western side of the Adriatic: one from the Northern Adriatic (487 years, Rimini) and
another from the Southern Adriatic (483 years, Barletta), avoiding data from Dalmatia and Croatia
(Rovigne, 262 and 254 years, respectively), because from a different geological context dominated
by karst structures. We assume that, during the last climate cycle at least, the area where PRAD1-2

borehole was recovered was mostly influenced by the western Adriatic catchment area.



Level Ccz:ﬁt;jsef;)th Lab. n. 14C age (yr BP) Species ((:grl]t;gt?: aBglf
PRAD1-2 S8 cm 40-42 5.976 Poz-16129 14930 =+ 90 E. crispum 17226 - 17845
PRAD1-2 S10 cm 60-62 7.80 P0z-16130 16530 + 100 E. crispum 18991 - 19569
PRAD1-2 S12 cm 0-2 8.80 0S-121214 17000 = 50 E. crispum 19628 - 20065
PRAD1-2 S13 cm 0-2 9.60 0S-121280 18200+ 85 E. crispum 21024 - 21681
PRAD1-2 S14 cm 10-12 10.50 0S-121215 19200+ 40 E. crispum 22376 - 22680
PRAD1-2 S15 cm 20-22 11.40 0S-121496 20300£110 E. crispum 23471 - 24098
PRAD1-2 S15 cm 70-72 11.90 Poz-25365 21140 £ 180 G. laevigata 24301 - 25314
PRAD1-2 S16 cm 50-52 12.48 0S-121281 22100£ 130 E. crispum 25602 - 26076
PRAD1-2 S16 7/8 12.78 Poz-25366 20990 + 260 E. crispum 23978 - 25313
PRAD1-2 S17 cm 60-62 13.40 Poz-16131 24130 £ 150 E. crispum 27458 - 27959
PRAD1-2 S17 cm 60-62 13.40 Po0z-16132 23390 £ 150 H. balthica 26741 - 27505
PRAD1-2 S19 cm 40-42 14.8 Poz-17321 28960 + 270 E. crispum 31536 - 33163

Table 4.1: dates available from the literature (labeled Poz; from Piva et al., 2008) and six new dates performed for this study
(labeled OS and P0z-25365); the ages are expressed as range 2c.

Five tephra layers determined by geochemical analysis occur within the investigated interval
offering an independent cross check for the radiocarbon dates, and were included in the age model as
additional control points. The five tephra were analyzed by Bourne et al. (2010) and the reader is
referred this paper for further details about the tephra ages obtained independently from the *4C dates
above described. Finally, three dated bio-events were used as additional control points (Piva et al.
2008) were used for the uppermost 2 m of the PRAD 1-2 borehole section and they include: 1) the
Last Occurrence of the planktic foraminifer Globorotalia inflata at 6 cal. kyr BP, a biomarker
recognized in the whole Adriatic basin and pre-dating the attainment of the maximum flooding during
the Holocene (Trincardi et al., 1996); 2) the recognition of the time equivalent deposit of the Sapropel
1 in the eastern Mediterranean, a major oceanographic event centered at 8.5 cal. kyr according to the
astronomical tuning by Lourens (2004); and 3) the paleoenvironmental change related to the end of
the GS-1 event well recognized in the Adriatic basin and dated at 12 cal yr by Piva et al. (2008). In
Table 4.2 all the available control points are listed. The control points obtained from of the

radiocarbon ages are mid points.



Sample Age range Source Reference Control SAR
top (m) (yr BP) points  (cm/ka)
0 0 modern time Piva et al. (2008) accepted 0 10
0.6 6000 LO G. inflata Piva et al. (2008) accepted 6000 28
1.288 8500 Sapropel equivalent 1 Piva et al. (2008) accepted 8500 15
1.8 12000 Top GS-1 Piva et al. (2008) accepted 12000 18
2.18 14320 - 13900 Neapolllt_ir;erllow Bourne et al. (2010) accepted 14110 111
5.976 17226 - 17845 (¢ Piva et al. (2008) accepted 17540 108
7.8 18991 - 19569 14C Piva et al. (2008) mean 19275 420
7.84 19480 - 19050 Greenish/Verdoline Bourne et al. (2010) mean
8.8 19628 - 20065 14c this study accepted 19498 43
9.6 21024 - 21681 4C this study accepted 21350 76
10.50 22376 - 22680 14C this study accepted 22528 72
11.40 23471 - 24098 14c this study accepted 23780 160
12.48 25602 - 26076 (® this study rejected
12.78 23978 - 25313 14c Piva et al. (2008) accepted 24725 25
13.32 28255 - 26302 VRa Matthews et al. (2015) mean 27200 27
13.4 26741 - 27505 (® Piva et al. (2008) mean
14.8 31536 - 33163 14C Piva et al. (2008) accepted 32350 15
14.94 33965 - 32630 Codola (base) Matthews et al. (2015) accepted 33300 26
16.53 39390 - 39170  Campanian Ignimbrite Bourne et al. (2010) accepted 39500

Table 4.2: the age model of the study encompassing the “C dates on benthic species and tephra layers.

The radiocarbon dating at 12.48 m has been rejected as producing an inversion with the underlying

age. The higher value may reflect interval-time with river input of older carbon-rich sediments. In

two cases the age provided by *C has shown an age overlapping with the age of a tephra positioned

very close (within 4 to 8 cm), and therefore, to avoid possible distortions due to a too short integrating

time interval, depth and age of the control points were calculated by averaging the values of the levels

above and below. The age of the flooding surfaces has been calculated by linear interpolation between

two successive control points, assuming constant the sediment accumulation rates between them.

Finally, the sediment accumulation rates (SAR) have been calculated for each discrete interval.



4.2.2) Short-lived clinothem from the late Pleistocene Po River sediment wedge: an example

of sand bypass to the basin
The late Pleistocene clinothem 300-400 is bounded by surfaces 300 and 400 at its top and base,
respectively. Surfaces 300 and 400 are characterized by high amplitude and continuous reflectors
(Fig. 4.1). Clinothem 300-400 is characterized by high amplitude and chaotic reflectors in the topset
that pass to high amplitude chaotic and dipping and to low amplitude discontinuous and dipping

reflectors at the foreset sector (Fig. 4.1).
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Figure 4.1. Top left: seismic line LSD22 and clinothem 300-400; note the base of the late-Pleistocene sediment wedge (black
line); note the subaerial rollover points (red dots) and the inflection points (black dots) of the clinothem 300-400. Note the
location of the borehole PRAD1-2. Top right: Sea level curve: note the time interval and the depth interval of the paleo-shoreline
where clinothem 300-400 developed. Below the sea level curves, the geometric measures of the clinothem 300-400 are reported
(the time-depth conversion considers a mean of 1600 m/s in the sediment). Bottom left: seismic facies map of clinothem 300-
400 (HA=high amplitude; LA= low amplitude; Ch= chaotic; D=discontinuous; CtoD= continuous-to-discontinuous; Dip=
dipping; R= reflectors); note the average position of the paleo-shoreline during the development of clinothem 300-400. Bottom
central: isochronal map of surface 300 (base of clinothem 300-400); note the presence of anticline structures in the central part
of basin). Bottom right: thickness map of clinothem 300-400; note the minimum value at the shelf sectors and the depocenters
developed along the strike axis of the basin, where two main depocenters are observable.

Across its bottomset sector, clinothem 300-400 is characterized by high amplitude continuous-to-
discontinuous reflectors (semi-continuous reflectors), while at the toe, the clinothem 300-400 shows

low amplitude continuous reflectors (Fig 4.1).



The isochronal map of surface 300 shows a gently dipping shelf, a curvilinear shelf edge, a steeper
slope and a pronounced uneven topography at the basin sector characterized by a regional-scale
convex-down geometry interrupted by convex-up geometries denoting a buried anticline in the central
sector of the basin (Fig. 4.1). The thickness map of clinothem 300-400 shows a minimum thickness
in the topset region (0-10 ms) and a prevalent accumulation in the foreset sector with depocenters
elongated on E-W direction. Two main depocenters are located at the western and eastern side of the
anticline. The western depocenter shows its maximum thickness up to 210 ms, while the eastern
depocenters attains 150 ms (Fig. 4.1).

Clinothem 300-400 shows a descending rollover point trajectory with depths of the rollover point
at 155 m at surface 300 and a depth of 175 m at surface 400 (Fig. 4.1). The height of the clinothem
300-400, taken as the vertical distance between the rollover point and the inflection point at the toe
of the foreset (i.e. the foreset-bottomset transition: Pirmez er al., 2008), changes from 245 m on
surface 300 to 178 m on surface 400; concurrently the horizontal distances between the rollover points
and the inflection points decrease from 16 to 11 km (Fig. 4.1). The maximum vertical thickness of
clinothem 300-400, measured at the forest, is 150 m. Surfaces 300 and 400 are intercepted by the
PRAD1-2 borehole at 10.5 and 9.5 m below sea floor (bsf), respectively. Based on the age model
from the PRAD1-2 (Table 4.2) the surface 300 have an age of 22.5 cal. kyr BP and the surface 400
have an age of 21.1 cal. kyr BP.

During the deposition of clinothem 300-400 the sea level was between -98 and -122 m compared
to modern and likely the feeding system was close to the MAD as suggested by the vicinity of the
paleo-shoreline to the rollover points (from few tens of meters to ca. 15 km; Fig. 4.1) and the presence
in the topset sector of chaotic reflectors that are interpreted as amalgamated channels (chaotic fill
sensu Mitchum et al., 1977; (Fig. 4.1). The very low aggradation recorded in the topset sector coupled
with descending trajectories of the rollover points confirms that clinothem 300-400 developed during
a fall in the base level. The base level fall was governed by the global fall in the sea level (Lea et al.,

2002, among others) coupled with sediment compaction (measured up to 15% in the last 400 yr in



modern Po delta, Teatini et al., 2015), whereas tectonic subsidence can be considered negligible for
that interval of time (Maselli et al., 2010).

Clinothem 300-400 shows a depocenter developed along the strike of the clinoform with two main
depocenters on the western and eastern sides of an anticline. This evidence and the map of the surface
300 suggest that during its evolution the clinothem 300-400 conveys the structural confinement of
the MAD (Fig. 4.1). Moreover, the depocenter tends to remain constricted on the northern part of the
basin suggesting deposition under the influence of wave field (Fig. 4.4). The depocenters are
characterized by semi-continuous high amplitude reflectors that resemble seismic facies encountered
in intra-slope basins and interpreted as turbidite lobes and sheet-like turbidite (e.g. Normark et al.,
1993; Gervais et al., 2006; among others). This finding implies that during the evolution of clinothem
300-400 sand was capable to bypass the shelf edge forming gravity-flow deposits at the base of the
slope.

Based on the age model of table 3.2, clinothem 300-400 developed in a very short time-window
of ca. 1.4 cal. kyr BP. During its deposition clinothem 300-400 reached very high accumulation rates
up to 11.6 cm/yr at the foreset sector, two order of magnitude higher than 0.85 cm/yr of the modern
Po Pila prodelta, and one order of magnitude higher than 1.8 cm/yr of the modern Po River
subaqueous clinoform (Cattaneo et al., 2007). The very high accumulation rate may be explained by
the enlargement of the catchment area of the ancestral Po River (ca. 200,000 km? against the modern
ca. 74,000 km?) and may reflect climate variability and increasing sediment flux during retreat phases

of Apennine and Alpine glaciers (Giraudi, 2011; Florineth and Schluchter, 1998).



5)  Compound clinoforms

Seaward of major deltas worldwide, modern continental margins exhibit extensive muddy
clinoforms, up to several tens of meters thick (Korus and Fielding, 2015). These clinoforms typically
have sediment accumulation rates exceeding 1.5 cm/yr and have been building since the mid
Holocene (stratigraphically above the maximum flooding surface attained at ca. 7-5 kyr BP), when
sea level reached approximately its present position (Stanley and Warne, 1994; Nittrouer et al., 1996;
Asioli et al., 1996; Yi et al., 2003; Walsh et al., 2004; Amorosi et al., 2005; Liu et al., 2009; Korus
and Fielding, 2015). Furthermore, such modern deltaic systems are characterized by compound
clinoforms where progradation mainly takes place in two distinct areas: the coastal plain delta with a
subaerial topset, and the subaqueous clinoform, composed of three geometric elements: topset, foreset
and bottomset (Fig. 5.1; Nittrouer et al., 1996; Steckler, 1999). The subaqueous deltas exhibit
thickness distributions that appear strongly asymmetric with respect to their parent deltas, as a
function of fluvial input and basin hydrodynamics (Korus and Fielding, 2015); because the effect of
oceanographic processes redistributes river-borne sediment predominantly along the shelf, such
clinoforms extend hundreds of kilometers away from major deltas, as far as 1500 km as in the case

of the Amazon River (Nittrouer et al., 1996).

sea level

AL

Figure 5.1: conceptual sketch for model of delta progradation and associated compound clinoform development: the
shoreline rollover point (red circles) and shelf-clinoform rollover point (blue circles) are critical boundaries on continental
margins (modified after Swenson et al., 2005; Nittrouer et al., 2007).

In the last few decades compound delta systems have been received many attentions from both

academy and oil companies because they represent a peculiar paleo-environment archive and



potential reservoir of the continental margin. Worldwide examples of compound delta systems may
be found in both open continental margin settings and in semi-enclosed basins (Fig. 5.2), where
subaqueous clinoforms develop tens of meter thick sediment successions with kilometric alongshore
distributions: e.g., Amazon, (Kuehl et al., 1986); Eel river (Goff et al., 1999; Wheatcroft et al., 1997);
Ganges-Brahmaputra (Kuehl et al., 1997); Yellow river — Shandong subaqueous clinoform
(Alexander etal., 1991); Fly river (Walsh et al., 2004); Po river — Gargano subaqueous delta (Cattaneo
et al., 2003); Rhone delta (Fanget et al., 2014). While subaqueous and compound deltas are
increasingly recognized on modern continental margins (stratigraphically above the maximum
flooding surface), their identification in the ancient rock record is hampered due to their reduced
thickness and low angle of progradation that is difficult to detect at outcrop scales (typically less than

1° for muddy successions).
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Figure 5.2: location of modern, and ancient, clinoform sets, from Patruno et al. (2015).

Earlier sequence stratigraphic models predict, during an overall seal level rise, dominant
deposition on alluvial and coastal plain areas and sediment starvation conditions toward the shelf and

in the basin (Posamentier et al., 1988). Conversely, among late Pleistocene to Holocene examples, a
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growing body of evidence suggests that thick shelf progradations may form during an overall sea
level rise. Examples of this came from Mediterranean continental shelves where seaward prograding
deltaic to shallow marine successions formed during the short-term Younger Dryas climatic spell
(Rabineau et al., 1998; Cattaneo and Trincardi 1999; Hernandez-Molina et al., 2000; Lobo et al.,
2001; Aksu et al., 2002; Labaune et al., 2005, Berné et al., 2007; Jouet et al., 2006; Sgmme et al.,
2011).

The aim of the next manuscript is to understand if oceanographic condition similar to the modern
one was already active in the Adriatic Sea promoting the development of a compound progradation.
The stratigraphic record presented here shows, for the first time, the documentation of a well-
preserved compound delta formed offshore the Gargano Promontory, offering the opportunity to
characterize both coastal and subaqueous deposits developed during the Younger Dryas. The main
goal in studying the Gargano compound delta can be summarized in three points: 1. Propose the
possibility of a compound delta forming in a rapidly developed TST record to be used to re-evaluate
cases of possible compound deltas recognized in outcrop or seismic surveys from ancient geological
records; 2. Document a case of formation of a compound delta that encompasses even a shorter time
than in the modern “high-stand” best-documented cases worldwide; 3. Infer the balance between
oceanographic redistribution of fine-grained sediment and short-term climate-driven supply

fluctuations from mainland.
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Fig. 1. Thickness distribution of the Late-Holocene HST wedge (from Correggiari et al., 2001; Cattaneo et al.,2007). Note the area of no deposition NE of Gargano Promontory. The bathym-
etry of the Adriatic is from Trincardi et al. (2013) and is shown with a 100 m contour on a DTM. The pathways of the NAADW and LIW currents are highlighted by a blue dashed line and a
dark red line, respectively. Bottom left: schematic stratigraphic sections illustrating the difference in delta configurations seaward of the Italian coast.

laws that govern a couplet progradation (Patruno et al.,, 2015). Steckler
et al. (1999) noticed that a subaqueous clinoform may prograde simul-
taneously with the costal delta system depending on the oceanographic
regime of the receiving basin; Swenson et al. (2005) highlighted that
such genetically-connected clinoforms (coastal and subaqueous) may
be geometrically disconnected depending on fair-weather and storm
wave bases (10/15 m to 30 m water depth, respectively; Cattaneo

et al, 2003) exhibiting a dominantly along-shore thickness distribution
and a typical convex seaward morphology (Cattaneo et al., 2003). Ex-
amples of compound delta systems may be found in both open ocean
settings and enclosed basins: e.g., Amazon River, (Nittrouer et al.,
1996); Ganges-Brahmaputra River (Goodbred and Kuehl, 2000); Yel-
low River — Shandong subaqueous clinoform (Liu et al.,, 2004); and Po
River — Gargano subaqueous delta (Cattaneo et al., 2003). Furthermore,
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many authors focused on the subaqueous clinoforms that constitute
tens of meter thick sediment successions with kilometric alongshore
distributions far from the main Rivers: e.g.; Ganges-Brahmaputra Rivers
subaqueous delta (Kuehl et al.,, 1997; Palamenghi et al., 2011); Fly,
Kikori and Purari Rivers (Walsh et al., 2004); Yellow River subaqueous
delta (Yang and Liu, 2007); Mekong River subaqueous delta (Xue
et al., 2010); Rhone River subaqueous delta (Fanget et al., 2014).
While compound and subaqueous deltas are increasingly recognized
on modern continental margins, their identification in ancient sedimen-
tary records is more difficult, mainly for two reasons: the difficulty in
pinpointing the position of the feeder system and the poor geometric
resolution in depicting the low angle of muddy subaqueous
progradations (Mellere et al., 2002; Morris et al., 2006; Hampson, 2010).

The aim of this paper is to document a compound delta system (the
Paleo Gargano Compound Delta, PGCD), formed during the post-glacial
sea level rise, offshore the Gargano Promontory in the South Adriatic
continental shelf. This study provides the opportunity to investigate
the conditions that led to the formation and preservation of a complex
deltaic system during a period of overall sea level rise and to develop
new concepts for the study of ancient sedimentary archives. Among
Late Pleistocene to Holocene examples, a growing body of evidence sug-
gests that mid-shelf progradational deposits of variable thickness devel-
oped during the overall last post-glacial sea level rise (Fig. 2; Cattaneo
and Trincardi, 1999; Hernandez-Molina et al., 1994; Aksu et al., 2002;
Labaune et al., 2005; Berné et al., 2007; Maselli et al., 2011; Semme
et al, 2011) although no documentation of compound deltas has been
proposed so far in these contexts.

2. Background
2.1. Geological setting

The Gargano Promontory peaks at 1050 m above sea level and has
constituted a morphologic relief since the Middle Pliocene (Bertotti
et al., 1999). The outcropping stratigraphic succession consists of Meso-
zoic carbonate rocks and includes four main lithostratigraphic units: the
Maiolica Formation (Fm), the Marna a Fucoidi Fm, the Scaglia Fm and
the Peschici Fm, characterized by thin- to thick-bedded lime mudstone,
with Calcarenite and Breccia intervals (Eberli et al,, 1993). The same li-
thology extends offshore the Gargano Promontory to form the Gargano
Structural High (GSH) of the study area: a shallow plateau in ca. 50 m of
modern water depth with steep flanks to the North and to the East
(Fig. 1). The GSH represents an area of no or reduced sediment

Vs

ST Iinohemes ‘
= TST clinothemes

deposition during the modern highstand (Fig. 1; Cattaneo et al., 2003),
where carbonate related karst features are exposed on the sea floor
(Taviani et al., 2012).

2.2. Modern hydrology of the Adriatic Sea and sedimentation patterns

The oceanographic circulation of the Adriatic Sea is dominated by
three main elements (Artegiani et al., 1997a,b): 1- a superficial cyclonic
gyre with a component that flows parallel to the western Adriatic shore-
line, mainly generated by the wind pattern; 2- the Levantine Intermedi-
ate Water (LIW), a salty water that forms in the Eastern Mediterranean
Sea (Levantine Basin) and intrudes in the Adriatic basin flowing at
depths of 200-600 m (Lascaratos, 1993); and 3- the North Adriatic
Dense Water (NAADW), that forms in the northern Adriatic through
winter cooling (Vilibich and Supich, 2005; Benetazzo et al., 2014) and
then, once a density threshold is reached, flows southward until cascad-
ing toward the deep southern Adriatic Basin (Trincardi et al., 2007;
Canals et al., 2009). The overall thermohaline circulation, under the
Coriolis apparent force, runs along the Italian coast constraining the
main sediment flux to deposit in a prism parallel to the Apennine
coast (Fig. 1; Correggiari et al., 2001; Cattaneo et al., 2003).

2.3. Stratigraphic setting of Adriatic TST deposits

In the Adriatic basin the Late Pleistocene-Holocene transgressive
units comprise backstepping barrier lagoon deposits with large
reworked sand dunes, in the northern low-gradient shelf (Trincardi
etal.,, 1994; Correggiari et al., 1996), and subaqueous progradational de-
posits, in the western Adriatic shelf and in the Mid Adriatic Deep (MAD,
Trincardi et al., 1996; Cattaneo and Trincardi, 1999; Maselli et al., 2011),
where continuous chronological controls are available (Asioli, 1996;
Blockley et al., 2004; Lowe et al., 2007). The transgressive systems
tract (TST) is floored by an unconformity of regional extent (lowstand
unconformity ES1) and topped by the maximum flooding surface (mfs).

On the central Adriatic shelf, the TST unit records the impact of sea
level and sediment supply fluctuations on sub-millennial scales
resulting in a tripartite TST (Cattaneo and Trincardi, 1999; Maselli
etal., 2011). The lower and upper TST units (ITST and uTST unit, respec-
tively) record an abrupt landward shift of the shoreline, while the mid-
dle unit (mTST unit) is prograding seaward and represents a regressive
sedimentary body within the TST (Cattaneo and Trincardi, 1999). The
three TST units are separated by two prominent, and extensively ero-
sional, surfaces (S1 and S2 surface, Cattaneo and Trincardi, 1999;

Fig. 2. Map of Mediterranean examples of transgressive (stars; Herndndez-Molina et al., 1994; Jouet et al., 2006; Semme et al., 2011; Chiocci et al., 1991; Lykousis et al., 2005; Aksu et al.,
2002; Giosan et al., 2009; Lericolais et al., 2010; Schattner et al., 2010; Zecchin et al., 2011; Duran et al., 2013) and highstand clinothemes (green patches; Diaz and Ercilla, 1993; Lobo et al.,

2006; Fanget et al., 2014; Cattaneo et al., 2007; Hiscott et al., 2002; Giosan et al., 2013).
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Fig. 3. Along shelf correlation of the TST and HST deposits. The mTST unit is completely sampled in the MAD (core CM92-43). In the inner shelf the mTST expands into a thick section, that is
partially sampled by borehole PRAD 2-4. The transition from the uTST to the mTST units is marked by an abrupt change in the saturation isothermal remnant magnetization SIRM, due to
the transition from fine to coarse-grained sediments (Vigliotti et al., 2008). In deeper environments, the top of the unit is sampled by cores RF95-13, YD9716 and KS02-330P (study area),
and AMC99-7. High-resolution chronostratigraphic correlation, obtained by '“C dates and tephra chronologies, support the hypothesis that the mTST unit deposited before the Meltwater

Pulse 1B (Asioli, 1996). The vertical scale of the PRAD 2-4 is double.

Maselli et al., 2011; see Fig. 3 and Table 1 for a summary of the main
stratigraphic surfaces and depositional units within the Late
Pleistocene-Holocene TST record). In particular, the mTST unit is charac-
terized by two sub-units (mTST-1 and mTST-2 sub-units) separated by
an erosional surface (Si) that, possibly, records a minor sea level fall dur-
ing the Younger Dryas interval (Maselli et al., 2011). The mTST-1 unit
records the Bolling-Allergd interval, while the mTST-2 unit progrades
during the Younger Dryas interval (Maselli et al., 2011).

From the central Adriatic to the southern Adriatic shelf the ITST and
mTST units are organized in depocenters which reflect the interaction
between sediment distribution, oceanographic processes and sea floor
morphology. In particular, the Gargano Promontory is characterized
by an articulated slope morphology and approaching the GSH the low
TST and the mTST-1 units tend to diminishing in thickness and disap-
pear, locally.

3. Data and methods

The database is composed by a dense network of high-resolution
chirp-sonar profiles (acquired with a 16-transducer hull-mounted Ben-
thos sound source), and sediment cores (both piston and gravity corers)
acquired during the last decades by ISMAR-CNR with R/V URANIA
(Cruises YD97, AM(C99, CSS00, COS01, KS02 and SA03). The seismic pro-
files analyzed in the study area offshore Gargano Promontory sum to a
total length of 1300 km over an area of 3200 km?, with an average spac-
ing between the lines of 2.5 km. A D-GPS allowed accurate positioning
of the profiles and sediment cores.

Chirp profiles are imaged with a metric vertical scale assuming a
1500 m/s propagation sound velocity within sediment. By using a
total length of 1300 km of seismic profiles, we constructed the structural
map of the ES1 surface (the sequence boundary above which the trans-
gressive record developed, Fig. 4), and the isopach maps of the main
stratigraphic units composing the post-glacial stratigraphy offshore
the GSH. The maps are stored in a GIS and projected in UTM with a
WGS84 datum. In the lack of more precise velocity analyses on the sed-
iments, volumes are quantified by assuming a constant 1500 m/s prop-
agation sound velocity through superficial sediment.

Piston cores YD97-16 and KS02-330P were recovered on the GSH
flank in 78.5 m and 79 m water depth using a 10 m barrel. The penetra-
tion of the corer was 7 m in the first site, and 11 m in the second, with a
core recovery of 3.91 m and 6.6 m, for a total recovery of 70% in both
cases. Both cores were sampled every 10 cm; core KS02-330P for grain
size analysis and both cores for lithological and paleo-environmental
reconstructions based on micro and macro faunal assemblages.
Calcimetry and grain size analyses were performed at Ifremer; the sam-
pled fractions were disaggregated with a Retsch MM200 mixer mill at
17 cycles per second for 4 min. The CaCO3 content was measured with
an automatic pressure calcimeter (Dream Electronique model 2.1)
while grain size analyses were made using a Coulter LS200 laser
microgranulometer. Radiographies of the lowermost 3 m of core
KS02-330P allow detection of bottom-current structures.

The correlation between cores and seismic profiles is performed
after decompacting the total recovery versus the total penetration by as-
suming a linear compaction (the compaction is given by the ratio be-
tween the total penetration and the total core length). Correlation
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Synthesis tables of seismic units, surfaces and their interpretation proposed by Cattaneo and Trincardi (1999), Trincardi and Correggiari (2000), Maselli et al. (2011).
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Fig. 4. Digital Elevation Model (DEM, SRTM 90 m, from http://srtm.csi.cgiar.org) and structural map of the ES1 erosional surface at the base of the post-glacial TST record (grid
100 x 100 m), with contours every 10 ms. The Gargano Structural High (GSH) represents the drowned part of the Gargano Promontory. The map shows also the location of the seismic

lines and cores discussed in this paper.

among YD97-16 and KS02-330P cores relied on wiggle matching of the
magnetic susceptibility logs.

4. Results
4.1. The middle TST unit offshore the Gargano Promontory

Offshore Gargano Promontory a prominent erosional surface (ES1),
characterized on seismic profiles by a continuous and high amplitude
seismic reflector, formed during the last glacial sea level lowstand,
when the shelf underwent subaerial exposure, as highlighted for the
northern and central Adriatic shelf by Trincardi and Correggiari (2000)
and Ridente and Trincardi (2002). On the steep flanks of the GSH the
ITST unit and the mTST-1 unit are not recorded and consequently the
ES1 coincides with the S1 and Si surfaces (ES1 = S1 = Si, Fig. 5A, B, C).
Locally, the recognition of ES1 surface is hampered by the occurrence
of biogenic gas in the upper TST deposits (Fig. 5A, B).

In this setting the mTST unit is confined between surface ES1
(below) and surface S2 (above), the latter corresponding to a high am-
plitude reflector of regional extent (Fig. 5A, B). In the proximal area of
GSH the coastal deposits of the mTST unit show seismic facies with
opaque discontinuous reflectors characterized by local and small scale
steep reflectors (Fig. 5B). The seismic pattern of the costal deposits
shows high-angle foresets with a pronounced costal rollover point at
ca. 60 m bsl (below sea level; Fig. 5A, B). The transition area between
coastal and subaqueous deposit of the mTST unit is characterized by dis-
continuous reflectors in part due to the presence of gas charged sedi-
ment (Fig. 5A, B). In the area seaward of the GSH the subaqueous
deposits of the mTST unit are characterized by complex sigmoid-
oblique seismic pattern reflector (sensu Mitchum et al., 1977; Fig. 5A,
B). Within this subaqueous progradational deposits the subaqueous
rollover point is detected at an average water depth of 90 m bsl
(Fig. 5A, B, C). The subaqueous rollover point shows an ascending trajec-
tory that may suggest the onset of a relative sea level rise (Fig. 5A, B;
Helland-Hansen and Hampson, 2009).

The mTST unit develops in the proximal area and seaward of GSH
over an area of 5 x 10° km? and with a total volume of about 4.6 km?>.
This unit reaches a maximum thickness of up to ca. 30 m close to the
GSH, where a bidirectional progradation develops (Fig. 5C), and then
becomes thinner and spread over a broader area further to the south
(Fig. 6). The bidirectional downlap is accompanied by an asymmetric in-
ternal geometry with steeper foresets (up to 2.2°), and a reduced sea-
ward progradation toward the NW and gentler foresets (0.7°), with a
greater seaward progradation toward the SE. Furthermore, the direction
of progradation within the clinothemes (sensu Slingerland et al., 2008),
determined from apparent angles measured along perpendicular pro-
files, is parallel to the coast. Interestingly, the mTST unit partly devel-
oped in the area where no HST units develop and presents two
features indicative of highly energetic environments: a karst zone sub-
merged about 12.500 years ago (Taviani et al., 2012), and a wave-cut
terrace lie in the upper slope of the GSH at a modern water depth of
about — 55 m bsf (detail in Fig. 7).

In the YD97-16 and KS-330P sediment cores the mTST unit, below
2.20 m downcore and below 4.20 m downcore, respectively, is com-
posed by fine to medium poorly-sorted sand (Fig. 8). The benthic as-
semblage shows the occurrence of species tolerating a high content of
organic matter, i.e., Stainforthia complanata, Melonis padanum, Bulimina
marginata, and Globobulimina spinescens, in addition to the inner shelf
benthic species of Ammonia and Elphidium genera and miliolids, possi-
bly indicating enhanced dysoxic conditions at the sea floor. The mTST
unit is characterized by very few planktonic foraminifera typical of
cold climate conditions (e.g., Neogloboquadrina pachyderma, Globigerina
bulloides, Turborotalita quinqueloba). The discontinuous occurrence of
opportunistic species like Valvulineria complanata and Nonionella
turgida, coupled with episodes of dysoxic conditions, could either high-
light an open mud-belt setting, characterized by a substantial content of
organic matter and by reductive conditions at the sea floor, or be a con-
sequence of repeated depositional events linked to river floods. The
overall assemblage suggests that deposition occurred in an inner shelf
environment. X-ray analysis highlights the pronounced cross
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lamination possibly reflecting the influence of tractive bottom currents
(see detail in Fig. 8) and high sediment accumulation rates (Rhoads
et al., 1985; Kuehl et al., 1986).

4.2. The upper TST unit offshore the Gargano Promontory

The uTST unit is confined by surface S2, at the base, and the maxi-
mum flooding surface, on top. In the central Adriatic Sea, the uTST
unit is a mud drape characterized by marine-onlap terminations onto
pre-existing morphological structures (Cattaneo and Trincardi, 1999;
Maselli et al., 2011). Offshore the GSH, the uTST unit shows sub-
parallel and low-angle continuous reflectors with a progradational

stacking pattern (Fig. 5A, B, C and detail in Fig. 7). The maximum
flooding surface at the top of the uTST unit constitutes a prominent
and continuous regional surface above which the highstand system
tract develops (Fig. 5A, C and detail in Fig. 7). The maximum flooding
surface displays an erosional character in the area close to the GSH,
where the uTST unit shows a toplap termination (Fig. 5A, C). This evi-
dence is indicative of a strong interaction between coast parallel cur-
rents and the pre-existing topography, resulting in an area of no
deposition and or submarine erosion of the uTST unit (Fig. 7).

The thickness distribution of the uTST defines distinct depocenters
separated from each other (Fig. 7). In the north-eastern portion of the
GSH an area of no deposition or submarine erosion is evidenced by
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the lack of the uTST unit. Because of the presence of this bypass area the
uTST unit shows a detached geometry separated by the edge of the GSH
(Fig. 7). The uTST unit advances mainly in southward direction, where
the GSH is less prominent, showing a depocenter elongated in a N-S di-
rection reaching ca. 21 m of thickness (Fig. 7). At regional scale the uTST
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depocenter marks a landward migration of the depositional area with
respect to the underlying mTST unit, indicating a possible jump of the
relative sea level (Fig. 7).

In the YD97-16 and KS-330P sediment cores the uTST unit, between
1.20-2.20 m and 1.70-4.20 m, respectively, consists of fine to medium

16°40'0"E

Fig. 7. Map of the shore-parallel uTST wedge (in ms two-way travel time). The dashed lines represent the main axis along which the depocenters of the mTST and HST around the Gargano
Promontory. Note the landward shift of the depocenters main axes from the mTST unit (dashed blue line, offshore) passing by the uTST unit (darkest blue) to the HST unit (dashed green
line, inshore). The area characterized by no deposition NE of Vieste is in the same position of the modern one (see Fig. 1). A simplified bathymetric contour of the lowstand unconformity
ES1 is provided for reference. Inset: seismic profile AMC168 investigated an area adjacent to the GSH where the mTST unit is less developed, and the uTST and HST units did not form or

were eroded.
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Fig. 7 Conceptual scheme of the
Pliocene to Quaternary
depositional history of the south-
western Adriatic margin in a
section from the outer shelf to the
basin across the Gondola
anticline. a Sediment drift within
the Pliocene succession related to
the onset of a bottom current
(orange arrowy flowing close to
the southern flank of the Gondola
anticline. Note the contrasting
stratal geometries within the
Pliocene succession in the two
sub-basins and their interaction
with tectonics. b Change in the
stacking pattern of Quaternary
deposits above the ES8
unconformity (blue lin@. Note the
growth of the contourite
depositional system in a broader
margin area, ascribed to the
interplay of along-slope and
down-slope currents (LIW and
NAdDW respectively). ¢ From
the time of deposition of sequence
3, the bottom currents begin to
affect a large portion of the outer
shelf. Note that in this sector of
the margin the bottom-current
deposits constitute the bulk of the
depositional sequences

et al. 2007b). Drifts B and C occur on both flanks of the
Gondola anticline (Fig. 3); these separated drifts developed
after the formation of the fault-generated relief of the
Gondola anticline, a major obstacle in the travel of bottom
waters towards the basin (Benetazzo et al. 2014). The pres-
ence of erosional features within drifts indicates repeated var-
iations in the current intensity associated with oceanographic/
climatic changes and local seafloor obstacles.

On the outer shelf the internal architecture of the deposi-
tional sequences reveals the presence of sediment wave de-
posits (Fig. 6a, b). These display a pronounced landward mi-
gration pattern and are interpreted as contour sediment waves
of 100 m wavelength.

The complete system of contourite deposits and related ero-
sional features of the SAM present characteristics similar to
those of contourite depositional systems found worldwide on
continental margins, and are the result of strong interactions
between bottom-hugging current activity and irregular seafloor
morphology. Key examples include the US Atlantic continental
rise (Locker and Laine 1992), the Weddell Sea, Antarctica
(Maldonado et al. 2005), the Argentina slope (Hernandez-
Molina et al. 2009), the Gulf of Cadiz (Llave et al. 2007) and
the north Iberian margin (Van Roojj et al. 2010).

Pre-contourite depositional phase

The Pliocene succession immediately above the M surface
shows a low-amplitude reflector deposit with a poorly pro-
nounced mounded external geometry (Fig. 4b). This deposit
records a pre-contourite depositional phase developed under
weaker bottom-current activity. Similar deposits were recog-
nized in the Algarve margin and interpreted as being associ-
ated with a pre-contourite sedimentation phase in the Early
Pliocene succession (Llave et al. 2011), where the influence
of down-slope sedimentary transport can not be excluded
(Brackenridge et al. 2013).

Onset of bottom-current deposits and their evolution

Based on the available regional stratigraphic correlations, the
onset of the bottom-current deposits along the SAM occurred
during the Pliocene. The Pliocene sediment drift developed on
the southern flank of the Gondola anticline and is character-
ized by packages of mounded-parallel reflectors that highlight
the presence of contourite units (Fig. 4b). The stacking pattern
of the contourite units with a typical thickness of 15 ms may
suggest changes in bottom-current velocity and related
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sediment deposition, or intervals of oscillations in sediment
supply with constant current activity (Mulder et al. 2013).

The upslope migration of the moat indicates a current
flowing close to the southern flank of the Gondola structure,
while the progressive increase in relief of the drift induces the
upslope deflection of the bottom-current pathway. The devel-
opment of the sediment drift is ascribed to a current with an
anticlockwise pattern that, as a result of the Coriolis effect,
was deflected towards the “right” side (i.e. against the flank
of the Gondola anticline; Fig. 7a). The internal and external
geometries of the Pliocene successions in the two sub-basins
located north and south of the Gondola anticline (showing
tabular packages and growth strata in the former setting, and
contourite deposits in the latter) suggest contrasting bottom-
current regimes affecting the two sub-basins, with a bottom-
hugging current activity focused on the southern sub-basin
(Fig. 7a).

The ES8 unconformity marks a major change in the strat-
igraphic evolution of the SAM, as suggested by the erosion of
the underlying strata (especially in the Bari Canyon area;
Fig. 3) and the spread of contourite deposits that are charac-
terized by mounded and wavy strata (Figs. 4b and 7b).
Assuming that the unconformities older than ES5 reflect sea-
level oscillations at the Milankovitch scale with a 100,000
year periodicity, as recognized in the central Adriatic Basin
(Ridente and Trincardi 2002; Ridente et al. 2009), the
ES8 unconformity formed close to the early to middle
Pleistocene transition at ca. 730/750 ka. Above the ES8 un-
conformity, a marked growth of large-scale mounded drifts
characterized by an upslope migration highlights a major
change in the stacking pattern of depositional sequences, plau-
sibly explained by a change in the hydrodynamics of the basin
(Fig. 7b). At a regional scale, these changes are associated
with the onset and progressive increase in relief of drifts A,
B and C at water depths of 300, 750 and 1,100 m respectively
(Fig. 3). The upslope migration of the three drifts since the
early to middle Pleistocene transition may be related to the
modification of the LIW due to climatic/eustatic changes at
Milankovitch timescales, as quantified for the Corsica channel
area through sortable silt and stable isotope analyses
(Toucanne et al. 2012).

The evidence of truncated and deformed reflectors in both
sub-basins (on the northern flank of the Gondola anticline and
beneath the Gondola slide; Fig. 3) confirms the tectonic activ-
ity during the Pleistocene and suggests a strong interaction
between the Gondola slide and tectonic activity as highlighted
by previous works (Minisini et al. 2006; Ridente et al. 2007).
A close view of drift B reveals the presence of mass-wasting
deposits interfingered with contourite units (Fig. 5). As
interpreted in other settings, rapidly accumulated contourite
drifts have often been associated with slumping phenomena
due to the high water content, critical angle of deposition and
the presence of weak layers (e.g. Laberg etal. 2003; Bryn et al.
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2005; Kvalstad et al. 2005; Masson et al. 2006; Berndt et al.
2012; Ai et al. 2014; Cattaneo et al. 2014). In the case of drift
B, moreover, the failure of the contourites may also be related
to the activity of the Gondola anticline and related fault sys-
tem, suggesting multi-event Pleistocene—Holocene tectonic
activity. An extreme example is represented by drift C, which
is almost entirely destroyed by the Gondola slide (Fig. 3).

These findings highlight an overall change of bottom-
current activity through the Pliocene—Quaternary, with the de-
velopment of multiple and perhaps more interchangeable cur-
rent pathways impacting on a broader basin area (Fig. 7b).
This current activity reflects a significant climatic reorganiza-
tion after the early to middle Pleistocene transition when the
100,000 year cyclicity became dominant (Ruddiman et al.
1989). Furthermore, as pointed out by Selli (1965), an inten-
sification of alpine glaciations occurred approximately 800 ka
ago and records the onset of the so-called glacial Pleistocene
in the Mediterranean region. On the SAM, the pacing of glob-
al Pleistocene climate oscillations is likely associated with
changes in the strength and behaviour of thermohaline cur-
rents. These changes are highlighted by the progressive ad-
justment in the architectural pattern and by the changing
growing style of the contourite and waveform deposits that
developed in progressively shallower depths compared to the
Pliocene drift deposit (Figs. 4b and 7b).

Onset of shallow-water contourites and their evolution

On the south-western Adriatic margin, the late Quaternary
succession is composed of progradational deposits, each sev-
eral tens of meters thick and separated by shelf-wide uncon-
formities related to 100,000 year glacio-eustatic cycles
(Ridente and Trincardi 2002; Ridente et al. 2009). The internal
architecture of the three uppermost depositional sequences
(D.S.1 to D.S.3, from top to bottom) shows, in particular, that
shallow-water contourites constitute the bulk of each se-
quence, contributing significantly to the margin architecture
and to the development of the south-western Adriatic
contourite depositional system (Figs. 6a, b and 7c). The inter-
nal geometries of each depositional sequence, characterized
by short-distance lateral variability in sedimentary architec-
ture, may be related to changes in the strength and direction
of bottom currents on the outer shelf in response to Quaternary
climatic and oceanographic turnovers. As pointed out by sev-
eral authors, sea-level changes at 100,000 year cyclicity
governed the strength of the thermohaline circulation (e.g.
Myers et al. 1998) and indirectly played a fundamental role in
the development of shallow-water contourites (e.g. Viana et al.
1998; Verdicchio and Trincardi 2008b; Vandorpe et al. 2011).

In the SAM, in particular, the stratal pattern may reflect
enhanced dense water formation in the northern Adriatic ba-
sin, and/or intervals of enhanced intrusion of the LIW towards
the outer shelf with a lateral shift of the LIW-NAdDW





