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Abstract:

Borehole PRAD1-2 was drilled in ~186 m water depth on the upper slope of the central Adriatic, in the
frame of Profiles across Mediterranean Sedimentary Systems (PROMESS1) European Union-funded
project. The borehole penetrated 71.2 m through a stratigraphic interval characterized by subparallel
seismic reflections and uniform seismic units. According to an age-depth model based on several
independent proxies (including foraminifera and nannoplankton stratigraphy, %0 curves, and
magnetostratigraphy) the cored interval records Marine Isotope Stages and Substages (MIS) from
MIS1 to the top of MIS11, thus encompassing the past ~370 ka. PRAD1-2 therefore represents an
unprecedented continuous record through the last four glacial-interglacial cycles from a proximal
continental margin setting where depositional sequences are typically composed of progradational
units. These progradational units record dominantly interglacial intervals (MIS5, MIS7, and MIS9) and
appear composed of thicker highstand deposits (HST) formed during interstadials and thinner forced-
regression units (FSST) deposited during stadials above distinctive downward shift surfaces. The
development of thicker highstand deposits with a distinctively thicker bottomset reflects enhanced
shore-parallel advection any time sea level rise leads to the drowning of the Adriatic shelf, triggering
the formation of dense water and vigorous cyclonic circulation. This advection mechanism persisted in
each cycle throughout the early phases of the sea level fall but progressively decreased as sea level
fall proceeded approaching the maximum lowstand position, when most of the shelf became exposed.
Relative sea level falls punctuating interglacials within each 100-ka cycle were thus accompanied by a
dearth in sediment flux on the outer shelf. The alternation of HST and FSST progradational wedges
with markedly different thickness and downlap geometry of their bottomsets is the most evident
stratigraphic signature, within each 100-ka depositional cycle, of the impact on the shelf of higher-
frequency (~20 ka) sea level cycles and concomitant supply fluctuations.
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1. Introduction

Sedimentary bodies on continental margins have long been grouped in discrete stratigraphic
units separated by key surfaces that are mainly of two types: (1) erosional surfaces, across
which variable amounts of preexisting deposits are removed; (2) nondepositional surfaces,
recording an interruption in sedimentation and/or an interval of drastically decreased rates of
sediment accumulation [Vail et al., 1977]. The deposition and preservation of sedimentary
bodies can be interpreted following this basic distinction and by taking into account their
internal geometry, lateral variability, and vertical stacking pattern. This essentially geometric
approach allows recognition of discrete strata packages and of their hierarchic organization
into depositional sequences [Mitchum et al., 1977; Van Wagoner et al., 1988; Mitchum and
Van Wagoner, 1991]. [3] Studying modern continental margins within and outside the
Mediterranean, several authors have ascribed Quaternary depositional sequences to 100-ka
eustatic fluctuations paced by orbital cyclicity [Piper and Aksu, 1992; Sydow and Roberts,
1994; Somoza et al.,, 1997; Berne” et al., 1998; Skene et al., 1998; Rodero et al., 1999;
Trincardi and Correggiari, 2000; Chiocci, 2000]. In these cases, depositional sequences
appear dominantly composed by progradational deposits interpreted to represent a
continuum from sea level highstand to lowstand conditions [Trincardi and Field, 1991; Sydow
and Roberts, 1994; Morton and Suter, 1996; Rabineau et al., 1998; Tesson et al., 2000;
Berne” et al., 2002; Ridente and Trincardi, 2002]. Only in few cases, however, this widely
accepted interpretation is supported by direct borehole control on the age of the sequences,
on the timing of formation of the bounding surfaces, and on the nature of intervening
downward shift surfaces within each sequence [Sydow and Roberts, 1994]. [4] By drilling the
Adriatic continental margin, Profiles across Mediterranean Sedimentary Systems
(PROMESS1) project aimed at defining the impact of eustatic cycles on the architecture of
Quaternary depositional sequences on a margin affected also by significant supply
fluctuations and changes in sediment redistribution along and across the shelf [Cattaneo et
al., 2003; Steckler et al., 2007]. Indeed, sediment dispersal on the central Adriatic margin is
significantly influenced by changes in oceanographic regime and paleogeographic
rearrangements introduced by repeated drownings and exposures of the broad and
semienclosed Adriatic shelf [Trincardi et al., 1994; Correggiari et al., 1996; Cattaneo and
Trincardi, 1999]. Such changes impact the entire Adriatic region reaching the south Adriatic

slope [Verdicchio et al., 2007; Ridente et al.,
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2007) and forcing the growth of progradational clinoforms along a shore-parallel belt (Ridente and
Trincardi, 2005; Palinkas and Nittrouer, 2006; Cattaneo et al., 2007; Steckler et al., 2007).

In this paper we exploit the multi-proxy stratigraphy obtained from borehole PRAD1-2 (Piva
et al., 2008a, this Volume) in order to: 1) establish a precise correlation between the slope deposits
(where the PRAD1-2 borehole was drilled) and the continental shelf where depositional sequences
reach their maximum thickness and display a progradational architecture; 2) test the hypothesis that
the four uppermost depositional sequences on the Adriatic margin record the last four 100-kyr
Quaternary eustatic cycles; 3) test if the variable clinoform geometry of progradational units
composing each sequence (as defined on seismic profiles) can be related to shorter-term climate and

sea level cycles that punctuate the main 100-kyr cycles (as defined in PRAD1-2 stratigraphy).

2. Regional setting

The Adriatic Sea is part of a foreland basin actively deformed since the early Cenozoic. The basin
is fragmented by several tectonic lineaments north and south of Gargano Promontory (Ridente and
Trincardi, 2006), the most uplifted foreland sector (Royden et al., 1987; Doglioni et al., 1994; Bertotti
et al., 1999). North of Gargano Promontory, the Central Adriatic shelf is bordered by the NW-SE
Gallignani-Pelagosa Ridge and dissected by the SW-NE Tremiti-Pianosa structural high (Fig. 1).
South of Gargano Promontory, the Gondola Fault Zone is an extensive E-W to NW-SE deformational
system (Ridente et al., 2008, and references therein).

Seismic and well-log data collected for hydrocarbon exploration evidence that the Western
Adriatic Margin records the progressive fill of confined basins of tectonic origin (Ori et al., 1986).
These basins record foredeep deposition during the growth of the Apennine chain along the western
Adriatic margin (Ricci Lucchi, 1986). The oldest foredeep deposits are Oligocene to Pliocene in age
and have been progressively deformed as the Apennine thrust-front migrated eastward. The
deformation of the Miocene-Pliocene foredeep succession produced a series of piggy-back basins that
were filled by late Pliocene to early Pleistocene deposits (Ori and Friend, 1984). Since the Middle
Pleistocene, the depositional pattern along the Adriatic margin shifts from that of a tectonically-
controlled foredeep successions to that of cyclical depositional sequences recording the impact of
glacial-interglacial cycles (Trincardi and Correggiari, 2000; Ridente and Trincardi, 2002).

The progressive fill of the basin led the Adriatic to the modern epicontinental-sea
configuration, with its most extensive shallow portion located north of the mid-Adriatic deep (MAD),
where the maximum depth is only 260 m (Fig. 1) . The MAD is a small remnant basin confined by the
Po River lowstand prodelta, to the north, and by the NW-sloping flank of the tectonic highs located to
the south (Gallignani Ridge and Tremiti High; Fig. 1). PRAD1-2 borehole is drilled south of the MAD
(Fig. 2), where the slope is characterized by a continuous stratigraphic record through the last ~370
kyr (Piva et al., 2008a, this Volume).
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3. Stratigraphy of the Adriatic Margin

Borehole PRAD1-2 was drilled on the upper slope of the Central Adriatic through a
stratigraphic interval evidencing sub-parallel or gently landward-wedging seismic reflections (Fig. 2).
The drilled stratigraphic interval encompasses the distal correlatives of progradational units on the
shelf that include: a) Late Pleistocene-Holocene transgressive (TST) and highstand (HST) units
deposited during the last post-glacial interval; b) a progradational wedge deposited during the Last
Glacial Maximum on the northern margin of the MAD, where it is up to 200 m thick; c) four
depositional sequences (numbered 1 to 4, top-down) that have a thickness distribution parallel to the
shelf edge and pinch-out seaward along the western flank of the Gallignani Ridge (Figs. 2 and 3). Data
from gravity cores penetrating the substratum on top of the anticline structure of the Gallignani Ridge
indicate a Middle Pleistocene age (Dondi et al., 1982; Curzi et al., 1984; Pasini et al., 1993) and allow
constrain the interval of deposition of the four overlying sequences to the last ~500 kyr (Trincardi and
Correggiari, 2000).

The four sequences are mainly composed of fine-grained deposits organized in progradational
units (up to 20 m thick) on the Adriatic shelf (“regressive sequences” of Ridente and Trincardi, 2002)
and extend north and south of Gargano Promontory (Fig. 3). These sequences were interpreted to
record a 100-kyr cyclicity based on downward extrapolation of stratigraphic information from the
younger sequence (Trincardi and Correggiari, 2000). Seismic units composing individual sequences
consist essentially of oblique-tangential clinoforms (e.g., Mitchum et al., 1977) that dip at low angles
(typically fractions of a degree); locally, plane-parallel (aggradational) units occur at the base of each
sequence, particularly in sequence 1 (Ridente and Trincardi, 2002). The clinoform units record
progradation during highstand to lowstand and include forced-regression deposits of the falling stage
(FSST; Hart and Long, 1996; Plint, 1996); the basal plane-parallel seismic units, when present, have
limited seaward extent but reach typically as far as the landward pinch-out of the hosting sequence,
and are therefore interpreted to record deposition during phases of sea level rise (TST; Fig.4). Atop
each sequence, shelf-wide erosional unconformities truncate the clinoform units, reflecting subaerial
erosion during sea level fall and lowstand, as well as transgressive reworking during sea level rises
(e.g., Nummedal and Swift, 1987; Demarest and Kraft, 1987; Battacharya and Willis, 2001). On the
slope, the ES unconformities are replaced by their distal correlative conformities; only ES4 (top of
sequence 4) maintains an erosional character also on the upper slope and truncates low-angle
progradational clinoforms at the site where PRAD1-2 was retrieved (Fig. 2).

On the western Adriatic shelf, the four regressive sequences stack vertically and, altogether,
form a composite shelf-perched wedge locally up to ~100 m thick (Trincardi and Correggiari, 2000;
Fig. 2). In the MAD, the distal equivalent of the composite shelf-perched wedge is overlaid by the Po
lowstand prodelta accumulated during the last glacial interval (Fig. 2). The lack of a correlative

lowstand wedge on the shelf margin south of the MAD indicates that the Po River was the main
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sediment source during this interval, and suggests that sediment supplied by the Po was almost entirely
trapped in the MAD during each successive lowstand period, when the basin width was reduced and
much of the shelf exposed (Ridente and Trincardi, 2005; Steckler et al., 2007). This evolution is in
marked contrast with the dominant shore-parallel dispersal of fine-grained sediment during the modern
highstand interval, resulting in a linear, coast-parallel depocentre distribution of the Late Holocene
HST (Cattaneo et al., 2003; 2007).

The comparable internal architecture of the four regressive sequences reflects similar changes
during successive climate and sea level cycles. However, there are higher-frequency sea level
oscillations superimposed on the prolonged sea level fall within each 100-kyr cycle that are normally
difficult to identify in continental shelf settings. The results from PRAD1-2 stratigraphy provide
means for defining this shorter-term cyclicity, by distinguishing the relative highstand and forced-

regression units within the progradational succession composing the bulk of each sequence.

4. Results

4.1 Stratigraphy of PRAD1-2 borehole
Borehole PRAD1-2, drilled in ~186 m water depth on the upper slope of the Central Adriatic

(Figs. 1, 2), provided a continuous stratigraphic section of 71.2 m through the distal correlatives of the
four Middle-Upper Pleistocene regressive sequences and Late Pleistocene-Holocene LST, TST and
HST deposits (Fig. 2). PRAD1-2 penetrated 15 m below ES4 without reaching the base of sequence 4,
particularly thick at this site (Fig. 3). The Late Pleistocene-Holocene units and the four underlying
regressive sequences are characterized by relatively uniform, fine-grained lithology at PRAD1-2,
although grain size analysis evidences a coarser-grained composition of the lower part of the borehole,
with more frequent cm-thick silt and sand layers within sequence 4 (Fig. 5).

Changes in the assemblages of planktic and benthic foraminifers, O and C stable isotope
records and paleomagnetic measurements document major sea level and paleoceanographic changes in
PRADL1-2 stratigraphy (Fig. 6). The main eco-biostratigraphic results and isotope stratigraphy from
PRAD1-2 (Piva et al., 2008a, this VVolume) allow precise definition of Marine Isotope Stages/Sub-
stages (MIS). According to 8'°0 curves based on benthonic foraminifera (Bulimina marginata),
PRAD1-2 records stages and sub-stages from MIS1 to the top of MIS11, the entire succession
therefore encompassing the past ~370 kyr (Fig. 6). The identification of Sapropel-equivalent levels
and the recognition of the Iceland Basin Excursion (IBE) geomagnetic inversion (~188 kyr BP)
reinforce the isotope-based chronology of PRAD1-2 (Fig. 6 and Piva et al., 2008a, this VVolume, for
further details).

The combined evidence of stable isotope records and abundance of warm-water planktic

foraminifera allows the identification of four isotopic Terminations (T | - T V) that mark the rapid
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transitions from glacial to interglacial conditions during the past four major glacial-interglacial cycles
(Fig. 6). These Terminations are characterized by abrupt shifts of the isotopic composition between
+4.5 and -0.5 %o (Piva et al., 2008a, this Volume). Termination 1V is characterized by a major shift in
the benthic isotope curve (Fig. 6) but appears more complicated because of the occurrence of an
interval characterized by coarser material with reworked microfauna above the interpreted mid point in
the isotopic shift, between 55 and 58 m below the seafloor (Fig. 5). Piva et al. (2008b, this VVolume)
document that the alkenone record parallels the rapid warming observed on the benthic isotope record,
confirming that the significant shift can be ascribed to Termination IV. It is likely that this interval
documents deposition in shallower waters compared to the subsequent Terminations. These results
define the age of the four regressive sequences proving that these sequences record a 100-kyr cyclicity
punctuated by shorter intervals of climate and sea level changes consistently with the succession of
isotopic stages and sub-stages of the SPECMAP curves (e.g. Imbrie et al., 1984; 1993; Prell et al.,
1986; Martinson et al., 1987; Shackleton et al., 1990; Raymo, 1997; Waelbroek et al., 2002).

Based on the shelf-slope continuity of seismic units and key stratigraphic surfaces, these
results can be extended to the shelf where depositional sequences display their progradational

architecture (Fig. 7).

4.2 Calibration of shelf progradational units with the PRAD1-2 stratigraphy

The slope deposits around site PRAD1-2 include two main alternating types of seismic units:
1) uniform and sub-parallel seismic-reflector packages correlating to progradational units on the shelf;
2) onlapping units formed by landward converging seismic-reflector packages that are confined to the
upper slope and pinch-out toward the shelf edge (Fig. 8). The calibration of seismic stratigraphy with
borehole stratigraphy indicates that the Terminations coincide with the top reflector of each onlapping
unit (Fig. 8). According to PRAD1-2 stratigraphy, the onlapping unit immediately below Termination
Tl includes MIS4, MIS3 and MIS2 (Fig. 8). The base of this onlapping unit therefore corresponds to
the base of MIS4. Similar onlapping seismic units, although significantly thinner, also occur below
Terminations TII and TIII and correspond to MIS6 and MIS8, respectively (Fig. 8). The onlap surface
at the base of MIS2, MIS6 and MIS8 units coincides with the distal correlative of ES1, ES2, and ES3,
respectively. No onlapping unit is observed instead at the top of ES4, which is markedly erosional also
on the slope, where it marks the transition from MIS9 to MIS10, at ca. 55 m core depth (Fig. 8).

The recognition of landward onlapping reflector packages is crucial in correlating the
stratigraphy of PRAD1-2 upslope and across the shelf, thereby calibrating the succession of
progradational units forming each sequence with the record of isotopic stages and sub-stages
recognized in the borehole. These landward onlapping units record essentially glacial lowstand
deposits, whereas progradational units composing each sequence on the shelf record short-term sea

level and supply fluctuations during the interglacials of each 100-kyr cycle (Fig. 9).
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4.3 Chronostratigraphy and internal architecture of sequence 1

On the slope, stratigraphic units within sequence 1 that deposited during distinct isotopic
stages and sub-stages range in thickness from less than a meter (e.g., M1S5.4 and MIS5.2) to several
meters (e.g., MIS3; Fig. 8). Upslope, along seismic profile AMC-236 (Fig. 1), the stratigraphic record
of individual stages and sub-stages gradually increases in thickness, passing landward into a distinct
progradational unit (Fig. 10). An exception to this pattern is represented by deposits of MIS3 and
MIS4, which do not show any significant increase in thickness upslope of PRAD1-2 but rather pinch-
out on the upper slope, as seen for the overlying deposits of MIS2. Interestingly, the shelf
progradational units that deposited during the warmer sub-stages MIS5.5, M1S5.3 and MIS5.1 show
thicker bottomsets, while the progradational units that thin more rapidly seaward correlate to the cold
isotopic sub-stages MIS5.4 and MIS5.2 (Fig. 10). Progradational units ascribed to distinct isotopic
sub-stages in seismic profile AMC-236 were then correlated regionally along the shelf toward the Po
catchment (Fig. 11) and the Tremiti-Gargano structural high (Fig. 12).

In the shelf area north of PRAD1-2 (Fig. 11), the progradational unit corresponding to MIS5.4
shows a marked basal contact along a high-amplitude reflector (compare with Fig. 4). This peculiar
reflector geometry and basal contact is interpreted as the stratigraphic equivalent, albeit in a more
distal and overall muddy setting, of the sharp-based lithologic contact marking a downward shift of
progradational units in forced-regression deposits (e.g., Plint, 1988; 1991; Posamentier et al., 1992).
Deposits of MIS5.1 are truncated at their top while the overlying deposits (including MIS4, MIS3 and
MIS2 units) remain confined to the upper slope and do not show evidence of erosion at their top (Fig.
11). The very thick MIS2 interval, compared to equivalent older lowstand units (e.g., MIS6, MIS8 and
MIS10), likely reflects the increased influence of the Po delta, that reached its southernmost position
during the last glacial lowstand (Trincardi et al., 1996). In the shelf area south of PRAD1-2, offshore
the Tremiti Islands structural high, the most distal progradational unit on the outer shelf ranges from
MIS4 to early MIS2 and is characterized by a sharp basal contact on the underlying deposits of
MIS5.1 (Fig. 10).

The above results indicate that, during the last glacial cycle, relatively thin progradational
units formed on the Central Adriatic shelf during the cold isotopic sub-stages (MIS5.4 and MIS5.2 in
particular) and have sharper basal surfaces that likely record a base-level fall. These units are the
FSSTs reflecting intervals of relative sea level fall. FSST progradational units are characterized also
by reduced thickness of bottomset deposits compared to progradational units of the intervening
warmer isotope sub-stages (like MIS5.5, 5.3, 5.1) that record intervals of relative highstand (HST).
The HST and FSST progradational units also differ in their downlap geometry: HST units show sub-
horizontal/tangential bottomsets, whereas FSST units are characterized by converging bottomset

reflectors that result in a more abrupt downlap on the basal surface (Figs. 11, 12).

4.4 Chronostratigraphy and internal architecture of sequences 2, 3 and 4
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Seismic-stratigraphic analysis shows that the internal architecture of sequences 2 and 3
resembles that of sequence 1 with the alternation of relatively high- and low-angle progradational
clinoforms with bottomsets displaying variable thickness and downlap geometry (Figs. 11, 12).
Sequence 3 is dominantly composed of higher-angle progradational clinoforms in the southern area,
possibly reflecting tectonic growth near the Tremiti Islands (Fig. 11). Instead, sequence 4 is markedly
different in depositional style on the shelf, evidencing a more intense erosion of shelf progradational
units (Ridente and Trincardi, 2002).

Sequence 2. Compared to the overlying and underlying sequences, sequence 2 is confined further
seaward and has a reduced thickness on the entire Central Adriatic shelf (Ridente and Trincardi, 2002).
This observation is consistent with the evidence of a less pronounced eustatic high during MIS7
compared to MIS1, MIS5, MIS9 and MIS11 (Raymo, 1997; Lourens, 2004) and a more pronounced
lowstand during MIS6 (Waelbroek et al., 2002). However, the recognition of syntectonic pinch-outs
within deposits of sequence 2, both north and south of Gargano Promontory, suggests that the Adriatic
region also underwent a phase of more intense tectonic deformation during this interval (Ridente and
Trincardi, 2006). Regional and local uplift during this interval may thus represent an additional factor
for the more seaward confinement of this sequence. Correlation of MIS7 from PRADL-2 site to the
southern shelf shows that this interval is represented by a succession of progradational wedges with
repeated changes in the pattern of downlap geometry, basal contact and seismic facies, similarly to
what can be observed in sequence 1 (Fig. 12). On this basis, we recognize MIS7.5, MIS7.3 and
MIS7.1 as progradational units characterized by the most extensive and thicker bottomsets (Fig. 12).
Sequence 3. Progradational units composing sequence 3 in the vicinity of PRAD1-2 include repeated
changes between HST and FFST (Fig. 11), but their distinction is more complicated south of this area
because of the overall similar high-angle dip and basal contact of clinoforms that compose this
sequence on the shelf (Fig. 12). This pattern may reflect the growth of local tectonic highs in this area,
generating higher shelf gradients and an increase of locally-derived material through sub-aerial erosion
or through enhanced ravinement erosion. Therefore, defining a distinctive pattern of HST and FSST
progradational units within MIS9 (that composes the bulk of sequence 3) is less straightforward.
Sequence 4. Sequence 4 is characterized by shingled reflectors truncated at their top by surface ES4
even in the upper slope area where PRAD1-2 is located. Up-slope, surface ES4 maintains its erosional
character but the underlying deposits do not show a clinoform pattern similar to all the three sequences
above. In this area, the reflectors below ES4 appear sub-horizontal while the thickness of sequence 4
decreases as the underlying substratum becomes shallower. One of the reflectors truncated by ES4
corresponds to a sharp (likely erosional) surface at ca. 58 m depth in PRAD1-2 (Fig. 5). This sharp
surface is the base of coarser-grained sediment and likely indicates wave reworking in an inner-shelf
to shoreface environment (Fig. 5). Indeed, the abundant benthic microfauna in the interval between 55
and 58 m indicates a very proximal, inner shelf assemblage, dominated by Ammonia perlucida,

Islandiella islandica, Elphidium articulatum and Nonion pauciloculum. Some of these species, in
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particular A. perlucida, presently inhabit the modern Adriatic muddy coastal zone (Jorissen 1988;
Morigi et al., 2005), variably influenced by fluvial runoff and characterized by water depths <20 m
(the mean water depth where A. perlucida is dominant is <10 m, according to Morigi et al., 2005).
This interpretation is consistent with the observation that sequence 4 is intensely, and locally even
completely, eroded landward of PRAD1-2, where no remnants of progradational units are found.
Because of this vigorous erosion of the shelf, the depocentre of sequence 4 is located on the slope
close to the MAD (Fig. 3; Ridente and Trincardi, 2002) and PRAD1-2 lithologic log documents a

coarser sediment composition (silt and sand; Fig. 5).

5. Discussion

5.1 Composite 100/20-kyr climate cycles and HST/FSST progradational units on the Adriatic shelf

Quaternary depositional sequences on several continental margins largely reflect climate and
sea level changes paced by the ~100-kyr orbital cyclicity (Piper and Aksu, 1992; Sydow and Roberts,
1994; Somoza et al., 1997; Berné et al., 1998; Skene et al., 1998; Rodero et al., 1999). However, the
precise chronology of the units composing these depositional sequences, and their correlation with sea
level curves derived from 'O records, remain problematic. In particular, higher frequency climate
and sea level oscillations can be superimposed on this 100-kyr cyclicity during the Quaternary
(Shackleton and Opdyke, 1973; Broecker, 1984; Ruddiman et al. 1986; Shackleton et al., 1990;
Raymo, 1997). These higher-frequency oscillations proved more difficult to identify in continental
margin records (e.g., Carter et al., 1991; 1998). This difficulty reflects, particularly in proximal
environments, stochastic depositional events punctuating the stratigraphic record and making the
identification of high-frequency signals particularly difficult (Einsele, 1993).

A most important outcome of PRAD1-2 is confirming that the 100-kyr glacio-eustatic
cyclicity is the first order factor controlling the deposition of sequences on the Adriatic margin (as
originally suggested by Trincardi and Correggiari, 2000). On the Adriatic shelf, the bulk of each 100-
kyr sequence includes a succession of dominantly fine-grained, progradational deposits. Extensive
seismic stratigraphic correlation from PRAD1-2 indicates that the variations in downlap geometry and
thickness of bottomsets characterizing shelf progradational units reflect the alternation of relative
highstand and forced-regression units within each sequence (Figs. 10-12).

On the Adriatic shelf, we observe that the forced-regression units alternate with relative
highstand units characterized by flat bottomsets of greater extent and thickness. Forced-regression
units have a sharper basal surface than HST units; this abrupt contact is interpreted as the distal part of
the regressive surface of marine erosion (sensu Nummedal et al., 1993). This difference in the
geometry and thickness of bottomsets within HST and FSST units is the most evident stratigraphic

signature of the higher-frequency (~20 kyr) cyclicity within each 100-kyr depositional cycle. Although
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high-frequency highstands represent a short interval in the overall falling sea level trend, the preserved
portions of relative highstand units appear to contribute significantly to the total volume of each
sequence. A significant and abrupt sea level rise is associated to the onset of successive high-
frequency HSTs (in sequence 1 this is the case of MIS5.3 and MIS5.1) but no deposit can be firmly
ascribed to this phase because it is not detectable on seismic profiles. The only exception is
represented by the plane-parallel seismic units locally preserved at the base of sequence 1, recording
Termination TII (TST units in Figs. 4 and 11). Similarly, there is no practical criterion for separating
the relative lowstand deposit formed at the end of each higher-frequency sea level fall. With these
limitations, it is not possible to further subdivide each 100-kyr sequence into smaller-scale

depositional sequences.

5.2 Progradational dynamics during short-term climatic variability

The evidence of progradational deposits composed of alternating high-frequency FSST and
HST reflects short-term changes both in supply and sediment dispersal during each 100-kyr sea level
cycle. In the Adriatic, previous work indicates that sediment dispersal is shore-parallel and directed to
the south, resulting in the redistribution of fine-grained sediment from the Po and the Apenninic rivers
over hundreds of km; this situation is typical of highstand intervals (Cattaneo et al., 2003; 2007). This
advection mechanism likely persists during the early phases of the sea level fall, and significantly
contributes to the accumulation of the low-angle progradational mud wedges composing each 100-kyr
depositional sequence (Ridente and Trincardi, 2005). However, the effect of shore-parallel advection
likely decreases as sea level fall proceeds approaching the maximum lowstand, when most of the shelf
becomes exposed (Steckler et al., 2007). For this reason, the bulk of each sequence on the shelf
consists of progradational units that deposited during major highstands of interglacials MI1S9, MIS7
and MIS5 (Fig. 13). The interglacial unit of MIS3 is instead poorly developed (Figs. 10-12), indicating
low sedimentation rates during this interval characterized by substantially lowered sea level (60 to 80
m below modern sea level according to Waelbroek et al., 2002). The reduced thickness of the MIS3
progradational unit may reflect a drop in accommodation on the shelf below a critical threshold as the
result of a prolonged sea level fall since MIS5.5. Below this threshold, a significant portion of the
shelf became exposed, hindering the shore-parallel sediment dispersal that characterized previous
highstand intervals (i.e. M1S5.5, MIS5.3, and MIS5.1). These results imply that:

a) MIS5, MIS7, and MIS9 progradational units constitute the bulk of sequence 1, sequence 2
and sequence 3, respectively. These thick progradational units are fine-grained and grow through the
construction of subaqueous clinoforms through lateral advection, as suggested for the modern HST
(Cattaneo et al., 2003, 2007; Ridente and Trincardi, 2005);

b) Within MIS5, MIS7 and MIS9 a higher order cyclicity is recorded, although smaller-scale
sequences are difficult to resolve. As an example, MIS5 includes two significant sea level falls (in the

order of several tens of meters) corresponding to M1S5.4 and MIS5.2. These falls produced downward
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and seaward shifts of the shoreline but were accompanied by a drop in sediment supply, possibly in
response to the reduction in basin width that hampered lateral advection;

c) shorter-term and lower magnitude sea level fluctuations punctuating the 100-kyr cycles are
recorded by consistent changes in the clinoform geometry, resulting in the thicker/flatter bottomsets of
HST units and in the reduced seaward extent and more abrupt basal contacts of the FSST units (e.g.,
the basal high-amplitude seismic reflector that mimics a sharp-based contact);

d) at the scale of each 100-kyr sequence, interstadials within higher frequency oscillations
record increased sedimentation rates on the outer shelf resulting in overall thicker deposits compared
to the intervening sea level falls. On other Quaternary margins, instead, shelf-margin progradation
occurs at lowstands (Suter and Berryhill, 1985) and shelf progradational units are commonly ascribed
to exceptional preservation of shoreline deposits during glacial maxima (Rabineau et al., 2006;
Bassetti et al., 2006; Jouet et al., 2006). This finding is consistent with the Adriatic progradational
units being more muddy and characterised by very low angles and less lobate shape of depocentres

compared to more common coarser-grained shelf-margin wedges.

5.3 Sequence stratigraphy implications

The Central Adriatic margin records three orders of cyclicity of relative sea level change: 1) a
100-kyr cyclicity resulting in the deposition of four regressive sequences capped by regional erosion
surfaces (ES); 2) a higher-frequency (likely 10-20 thousands of years) resulting in the repeated
alternation of HST and FSST deposits within each major depositional sequence; and 3) a long-term
trend (several hundreds of thousands of years), likely induced by regional subsidence, leading to the
aggradational stacking pattern of the four 100-kyr sequences and to their enhanced preservation
compared to the area south of Gargano Promontory (Ridente and Trincardi, 2002).

The above results provide new relevant constraints to the applicability of sequence-
stratigraphy concepts to Quaternary continental margins. According to the classical model of sequence
stratigraphy, sediment supply is assumed to be steady, whereas changes in accommodation space
represent the main factor controlling sequence architecture. Moreover, deposition is assumed to shift
progressively seaward of any particular point only after all the accommodation landward of that point
has been exploited; therefore, sediment bypass and along-margin redistribution are rarely taken into
account. In contrast to most of the basic sequence stratigraphy concepts, the depositional sequences in
the Adriatic emphasize the importance of supply dynamics, during short-term sea level changes, in
shaping sequences and margin architecture.

In the Adriatic, a combination of subsidence and paleogeographic setting result in an
unexpected pattern where the bulk of progradational units is composed by interglacial deposits (i.e.
MIS5, MIS7 and MIS9, respectively in sequence 1, 2 and 3). In addition, each interglacial
progradation is indeed punctuated by higher-frequency fluctuations in sea level leading to alternating

HST and FSST clinoforms. This pattern of deposition is in marked contrast with results on other
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Quaternary margins, including the Rhone passive margin where the bulk of the stratigraphic record in
each 100-kyr sequence consists of glacial low-stand deposits (Bassetti et al., 2008, this Volume).
These results may prove useful in seismic-stratigraphic interpretation of progradational
deposits not only on modern continental margins but also of ancient, outcrop-scale records. Indeed, the
Adriatic is an excellent modern analogue for settings characterised by lower amplitude (few tens of
meters) base level fluctuations (typical of clastic successions from pre-Quaternary geological periods),
high sediment supply and relatively low wave regime but with a vigorous advection and near shore

sediment trapping by ocean currents.

6. Conclusions

Borehole PRAD1-2 on the upper slope of the Central Adriatic basin reached the top of MIS11,
~370 kyr BP, providing an unprecedented shallow marine record through the last four glacial cycles
that can be consistently correlated with oceanic records (Piva et al., 2008a, this Volume). The
stratigraphic results of PRAD1-2 allow define the stratigraphic architecture in terms of sediment
routing and preservation potential of depositional sequences on the Adriatic margin. More in general,
these results provide new insights in the understanding of the stratigraphy of Quaternary continental
margins and shed light on the possible mechanisms of deposition in the case of muddy forced-
regression deposits in ancient rock records.

In the Adriatic, in particular:

1) a stack of progradational sequences separated by regional erosional surfaces on the shelf records a
~100-kyr cyclicity; this interpretation has been already proposed based on indirect evidence.
Interestingly, PRAD1.2 results prove that, within each sequence, the bulk of progradational units
deposited during interglacials (i.e. MIS5, MIS7 and MIS9, respectively in sequence 1, 2 and 3).

2) Seismic stratigraphic correlation from the borehole to the shelf indicates that sedimentation within
each sequence includes mud wedges with thicker bottomsets, deposited during interstadial sub-stages,
and mud wedges with thinner bottomsets and sharper basal surfaces, deposited during stadials;
transgressive deposits, if present, are very thin at the borehole site and below seismic resolution on
most of the shelf. On the southern flank of the MAD, lowstand deposits onlap and pinch-out landward
on the upper slope or outer shelf.

3) The development of thicker bottomsets in HST deposits reflects enhanced shore-parallel advection
during relatively short-lived highstands of sea level likely accompanied by increased sediment supply,
as indicated by the clinoform geometry, the dominantly muddy facies and the high accumulation rates
(see also discussions in Ridente and Trincardi, 2005 and Cattaneo et al., 2007). Shore-parallel
advection is toward the southeast and onsets any time sea level highstands result in the significant

drowning of the Adriatic shelf, particularly of the broad and shallow North Adriatic shelf where dense
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water forms through winter cooling and promote a counterclockwise circulation pattern similar to the
one observed today (Piva et al., 2008c).

4) On the slope, the lowstand units within each successive glacial-interglacial cycle show a
significantly increasing thickness. In PRAD1-2, MIS2 deposits are twice as thick as the MIS6 and
MIS8 counterparts, reflecting increased sedimentation likely related to progressive infill of the North
Adriatic by the Po and Apennine rivers. Deposits accumulated during MIS10 show comparable
thickness to those recording MIS2 but reflect a more proximal, shallower environment. This shallow-
water environment is confirmed by the occurrence of repeated cm-thick silt and sand layers within the
deposit encompassing MIS10. Some of these coarser-grained intervals record the shallowest
depositional environment encountered by PRAD1-2 based on benthic foraminifera (ca. -20 m water
depth).

5) The dominance of shallow water deposits within the oldest sequence (sequence 4), combined with
the seismic stratigraphic evidence of an erosional truncation at the top of this sequence, suggest a
progressive deepening during successive sea level cycles. This evidence is consistent with regional
subsidence in the Central Adriatic, confirming previous tectono-stratigraphic reconstructions based on
the stacking pattern and depocentre distribution of the four Middle-Upper Pleistocene sequences
(Trincardi and Correggiari, 2000; Ridente and Trincardi, 2002; 2006).
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Figure captions

Fig. 1 - Bathymetry of the Central Adriatic Basin where PRAD1-2 borehole was drilled. The Mid
Adriatic deep (MAD) is a small basin confined between the shallow North Adriatic shelf (NAS) and
regional fold systems reflecting foreland deformation since the early Cenozoic (e.g., the Gallignani-
Pelagosa Ridge and the Tremiti-Pianosa High). South of Gargano Promontory, the Adriatic margin is
dissected by several fault systems, the most relevant of which is the Gondola Fault zone (GFZ). Track

lines refer to seismic profiles reported in Figs. 2, 4, 7 and 10-12.

Fig. 2 — Stratigraphy of the Central Adriatic basin schematically reconstructed in a cartoon along a
NNW-SSE section (A-B in Fig. 1, modified from Trincardi and Correggiari, 2000) based on the
interpretation of high-resolution multi-channel seismic profile RF95-2 (lower). Seismic stratigraphy at
PRAD1-2 is also shown (upper right). Deposits cored in PRAD1-2 consist mainly of the distal parts of
four depositional sequences (labelled seql to seq4, top down) that thicken on the shelf (where they are
progradational) and thin in the MAD (where they are overlaid by lowstand deposits). ES1 to ES4 are
erosional unconformities on the shelf and become conformable on the slope, with the exception of ES4

that truncates underlying deposits at PRAD1-2 site.

Fig. 3 — Location of borehole PRAD1-2 with reference to the thickness distribution of the four
Middle-Upper Pleistocene depositional sequences around Gargano Promontory (modified from
Ridente and Trincardi, 2002).

Fig. 4 — A) Anatomy of seismic units within sequence 1 displaying repeated changes of seismic
reflector pattern from oblique-clinoform to plane-parallel geometry. B) The observed variability in
seismic reflector pattern correlates with the position of each seismic unit within the encompassing
sequence; elementary seismic units are thus interpreted as distinct systems tracts. C) Wheeler diagram
based on chronostratigraphic data from conventional cores (e.g., Trincardi et al., 1996; Asioli, 1996;
Trincardi and Correggiari, 2000), which led Ridente and Trincardi (2002; 2005) to a preliminary
interpretation of the chronologic relationship between seismic units (i.e. systems tracts) and the global

sea level curve. Location of YD2 seismic profile is reported in Fig. 1.

Fig. 5 — PRADL1-2 is characterised by an overall fine-grained lithology but with a more frequent
coarser-grained component (silt and fine sand) in the lower part (particularly below ES4, top of
sequence 4). Note the interval between 55 and 58 m characterized by thin silty/sandy layers and a

thick sandy interval with reworked microfauna and an erosional base.
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Fig. 6 — Summary of the stratigraphy of PRAD1-2 borehole modified from Piva et al. (2008a, this
Volume). Terminations (TI-TIV) are marked against the 6'°0 isotope curve derived from benthic
foraminifer Bulimina marginata. According to this interpretation, the borehole reached the top of
MIS11 at 68 m below sea floor.

Fig. 7 — Linedrawing based on Chirp Sonar seismic profiles CSS-700 and AMC-197 evidencing the
stratigraphic architecture of the Adriatic margin and the correlation of key stratigraphic surfaces and

units through the area where PRAD1-2 was retrieved.

Fig. 8 — Seismic stratigraphy at PRAD1-2 and chronostratigraphic calibration based on eco-
biostratigraphy, identification of Mediterranean Sapropel-equivalent beds (S1 to S10), magneto-
stratigraphy (IBE = Iceland Basin Excursion) and oxygen stable isotope stratigraphy (MIS1 to
MIS11). The linedrawing summarizes the regional pattern of stratigraphic units upslope of the
borehole, where landward onlapping reflector packages correspond to lowstand intervals (cold isotope
stages) and units deposited during interglacial intervals correlate to the progradational units composing
the regressive sequences on the shelf. On the slope, the distal correlative of shelf erosion surfaces ES1
to ES3 split into a sequence boundary and a transgressive surface, respectively at the base and top of
the glacial lowstand onlapping units. ES4 remains erosional (bold red line) down to PRAD1-2 site and

no onlapping unit is observed above it.

Fig. 9 — Schematic representation of the stratigraphic relationship between landward onlapping units
on the upper slope and progradational units on the shelf. The former record glacial lowstand intervals

within each 100-kyr cycle, whereas the latter record essentially interglacial intervals.

Fig. 10 — Chronostratigraphic calibration of depositional sequences on the shelf along AMC-236
seismic profile intersecting PRAD1-2 site (location in Fig. 1). The stratigraphic intervals representing
isotope stages and sub-stages in PRAD1-2 thicken upslope and correspond to distinct progradational

units on the shelf. Colour code for seismic units based on legend of Figure 8.

Fig. 11 - Chronostratigraphic calibration of depositional sequences and progradational units on the
shelf area north of PRAD1-2 site (location in Fig. 1). The sharp basal contact at the base of MIS5.4
unit marks relative sea level fall during this interval. Note the abrupt pinch-out of MIS5.4 unit above
the basal downlap surface. In contrast, MI1S5.5 unit, recording the preceding highstand interval, shows
significantly thicker bottomset deposits and overall tangential geometry above the basal surface.
Below MIS5.5 unit, a possible TST unit is confined to the inner shelf. Also note that MIS4 and MIS3
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units pinch-out and are confined to the upper slope, where MIS2 is significantly thick and shows

combined aggradational and progradational geometry.

Fig. 12 - Chronostratigraphic calibration of depositional sequences across the shelf south of PRAD1-2
site (location in Fig. 1), where relative highstand and falling/lowstand units are distinguished by their
seismic facies, basal surface, bottomset geometry and thickness. Note the abrupt pinch-out and marked
downlap pattern of units deposited during the relative sea level fall/lowstand of cold stages. Instead,
progradational units recording relative highstands develop thick bottomset deposits that extend further
seaward maintaining a plane-parallel geometry. The most distal progradational unit on the outer shelf
likely includes early MIS2, MIS3 and MIS4 deposits and is characterized by a very sharp basal contact
on the underlying MIS5.1 unit.

Fig. 13 — Simplified depositional scheme showing the combined influence of sea level change and
sediment dispersal on the geometry of progradational clinoforms. A) Enhanced supply and vigorous
alongshore sediment dispersal lead to the development of thick plane-parallel/tangential bottomsets
during highstand intervals; this style reflects maximum basin width and oceanographic conditions
characterised by bottom-water formation and by a vigorous shore-parallel dispersal along the western
margin. B) During sea level fall, the effect of advection decreases compared to wave-base erosion
leading to sharp-base progradational clinoforms characterised by thin downlapping bottomsets. C)
These two scenarios alternate during each 100-kyr eustatic cycle, with an intensification of contrasting

effects (reduced advection, increasing erosion) when sea level approaches the maximum lowstand.

25



g B~ WD

Po delta lowstand wedge
(Isotope Stage 2)

four regressive
/ sequences
I MAD PRAD1-2
| (Projected i / = >
;\\ ~_ - E!
\'\V
I 10 km

@ PRADI-2

Gallignani-Pelagosa
Ridge

Tremiti-Pianosa High

¢ Po River delta front
during lowstands

Ay,
(4, C2
%o 50

" Pianosal.

Tremiti Is. Yb2

PRAD1-2

Late Pleistocene-Holocene
HST + TST

ES1 1
o o

progradational units
older than Middle Pleistocene

e
ast glacial  |*
maximum LS

=

Rros 20 protle

distal part of the
regressive sequences

N ZES))
e

- = \daace




A W DN

@® rrADI2
" NODATA
Fig. 3

Thickness
(msec)

<5
5-10
10-15
15-20
20-25

27



late Pleistocene-Holocene

YD-2 Chirp Sonar Profile

Clinoform unit with converging
reflectors and thinning bottomsets

Clinoform unit with
low-angle/flat bottomsets

T

-1a04A) . plane-parallel unit downward shift surface -

I
Y

JIND
sequence 1

erosion

erosion

FSST+LST
(MIS5.4-MIS2)

LST (MIS6)

max - ICE VOLUME -min

28



Prad1-2 Lithology

I|I|

||
w
(o))

|
|

| mud —

|
Elll

:
]
"”fi! |

— siltymud ==
vvvw e
e silty laminae L T

3]'
lI
1]

<
i
4.

l

T

;Z"::i sand S
= vvvvvy| tephra layer Esiizg
= [——] erosional surface 44:%%‘%
ey E= laminated sediment _:;EE'
= $ diffused bioturbation ~ —Z—=
= J  burrow 48::!5;
e < organic matter —57:‘___’%
v @ biosome :'T‘:‘E
a

.|.|.|.|

S
|
ﬂl”l

bioclast

~
4
:
A

v‘l

g
i

i
|
1
|

4
i
1

= B
== ==
= 3 =
—_ < e
= | < T
== silt/sand s
e P s =
= X layers 60— ="
e T ==
ez o2 — =
o < e
= p ==
— Sm— - — .
TS, R
o 3 -
— 3 i
ey I < ‘
< T A
— e

= i3 <« by h A A A 4
= A
vv“v: : 68— o _; .
FTIIIT 5 R
e 5% B e
I R s

~N
—
N
1]
)
)
"
"
"

A W N



2

Fig.6

55 45 35 25 15 05 -05% O

PRAD1-2

Stratigraphy

o™ 0
J=Si eq. m

4 4
17

8+ 0 8
V=

129 12
)

164 o 16
: E

205 MIS4 20
. S3eq

244 24
1.S4.eq

28 28
1 S5eq.

S sy

82/ 32
Y=/

365880 36
] IBE
1:87.eq:

40 MIS 7 40
7} S8 eq.

44: S9 eq. a4
: w0
n %

481 = 48
; S'eq.

S27Mmi1s9 52
4810 eq.

56+ 56
: ’o g -

i /AR =
Y = i<

64- T 64
: 7
] £

68- ¢ 68
. g

71 pMis11.17 WS

§'°0 vs VPDB B. marginata

L 1 L 1 1 1 J 1 1 1 1 1 dk L J
34
LGM
2 Chronozone
33
4.2
5.1
52
53
54
55
TH
6.2 6.36'1
6.4 65
6.6 3
7.1
7.2
7.3
7.4
7.5
T
8.4
8.5
i 9.3
J TIV?
10.27?
11.1?

MIS = Marine Isotope Stage
TI-TIV = Terminations

S1-10 eq = Sapropel equivalent
IBE = Iceland Basin Excursion

--- Elphidium+Ammonia
— warm planktic species
10 20 30 40 50 60 70 80%

30



I:I Late Holocene HST

Section CSS700-AMC197
Late Pleistocene-
-Holocene TST

13 5
. [:] MIS4-MIS2 LST
T 2km
-150- PRAD1-2
(projected)
=200 4

-250 R : S \M
- , = \% top of Younger Dryas unit

\ » transgressive surface
S =

[ seavence
D sequence 2
sequence 3
. sequence 4

: ~ base of MIS2
swW = - = - = base of MIS3
“base of MIS4
Fig. 7
late Holocene mfs (5.5kyr BP) B
lopofVD(lI.skyrBP)L o
r modern shelf margin baseof G1 (14.5kyr 671} . 185.5mw.d.
(ca.130 m water depth) . Y

ES1
4
{ 4
7’
’ N
R
ES2 7
oy
ES3

ES erosional unconformity
SB  distal conformity
TS transgressive surface

onlapping unit

Glacial Stage
Interglacial Stage
Glacial Sub-stage
Interglacial Sub-stage

BEO0ON «

Sapropel equivalent

Fig. 8

31



(6]

Late Holocene HST

MIS 1 pp Late Pleistocene-Holocene TST

MIS 2 pp - MIS 1 pp

upper slope onlapping unit
MIS 2

MIS 4 - MIS 3

shelf progradational units TE]
MIS 5.5 - MIS 5.1 N

upper slope onlapping unit (s1
MIS 6

shelf progradational units SB 2
MIS7.5-MIS 7.1

=Y |

upper slope onlapping unit @)‘
MIS 8
shelf progradational units SB3
MIS 9.3 - MIS 9.1 g

stratigraphic interval cored by PRAD1-2

shelf progradational units &)
MIS 11 pp - MIS 10

AMC-236 Chirp Sonar Profile

32



downward shift surface

1
2 Fig. 11
3
4
5
6
7
8
NwW
highstand bottom sets
9
10
11

AN-17 Chirp Sonar Profile

highstand bottomset

AMC-240 Chirp Sonar Profile -100m

33



1
2

basin width

A

sealevel

@ longshore dispersal

relative sea level
highstand (warm interval)

basin width .
reduction sea level fall (forced-regression)

» d
oo 7 X

thicker bottomsets
(tangential geometry)

relative sea level
lowstand (cold interval)

\sharp-based (downward-shift) surface

basin width reduction

==

S =T = - - o
- -7l

thinner bottomsets
(converging geometry)

alternating sea level
rise/highstand and fall/lowstand

Fig. 13

A)

B)

@)

34



	p1 AGU.pdf
	Geochemistry, Geophysics, Geosystems
	Sedimentary response to climate and sea level changes during the past ~ 400 ka from borehole PRAD1–2 (Adriatic margin)


