MEDITERRANEAN CLINOFORMS OFFER EXCELLENT CHRONOLOGICAL
RESOLUTION AND THE POSSIBILITY TO LINK CONTINENTAL AND
OCEANIC SIGNALS OF ENVIRONMENTAL CHANGE.
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nts are recognized: (1) “topset,” the most shallow and low-angle area, (2) “fore-
set,” the central and steepest area, and (3) “bottomset,” the flat area farther basinward
(Figure 1b) (Mitchum et al., 1977). The break in seafloor slope between the topset and
the foreset is often called the “rollover point.”

Since the advent of seismic stratigraphy, clinoforms have been observed over sever-
al spatial and temporal scales in highly diverse geologic settings (Figure 1c). Typically,
clinoforms are defined on vertical scales ranging from several meters to several hun-
dreds of meters and encompass intervals ranging from hundreds to millions of years.
In the study of modern continental margins, clinoforms are widely recognized as one
of the fundamental building blocks of the stratigraphic record.

Over millions of years, the entire continental margin can be viewed as a clinoform,
including the continental shelf as a transfer area, the continental slope as the main
area of sediment accumulation, and the base of the slope as a distal bottomset. Chang-
es in clinoform thickness, internal geometry, and style of superposition of multiple
clinoforms provide information on long-term margin subsidence, sea-level change,
and short-term fluctuations of sediment supply. Clinoforms forming over a few thou-

sands of years are observed on the inner shelf of diverse margins: tectonically passive

settings, such as the Amazon prodelta (Nittrouer et al., 1986); active-margin settings,
i
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a such as the Ganges-Brahmaputra (Good-
LAND UNDAFORM CLINOFORM FONDOFORM
bred et al., 2003); and broad epiconti-

nental shelves (Alexander et al., 1991).
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of researchers worldwide. The choice of THE MEDITERRANEAN LATE been building since the mid Holocene,
EURODELTA and EUROSTRATAFORM ~ HOLOCENE SHELF CLINOFORMS  when sea level reached approximately

projects to study the growth of Mediter- Seaward of major deltas, the Mediter- its present position (Stanley and Warne,
ranean late-Holocene clinoforms derives ~ ranean margins exhibit extensive muddy ~ 1994). Because the combined effect of
from the possibility of linking direct shelf clinoforms, up to several tens of oceanographic processes redistributes
measurement of sediment-transport meters thick (Figure 2). These clino- river-borne sediment predominantly
processes to the stratigraphy over inter- forms typically have sediment accumula-  along the shelf, Mediterranean late Ho-
vals of thousands of years. tion rates exceeding 1.5 cm/yr and have locene clinoforms extend hundreds of
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Figure 2. The main north Mediterranean and Black Sea shelf clinoforms grow under the influence of deltaic systems and represent a crucial link in our under-
standing of the short- and long-term interactions between fluviodeltaic and marine sedimentation processes. Inset: thickness maps of clinoforms offshore the
Ebro (modified from Diaz et al,, 1990), Rhone (modified from Gensous and Tesson, 2003), and Tevere deltas. These maps, based on the analysis of seismic-re-
flection profiles and sediment cores, document the asymmetric distribution of clinoform deposits with respect to their sediment sources.
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kilometers away from major deltas and
exhibit thickness distributions that ap-
pear strongly asymmetric with respect to
their parent deltas. Both of these charac-
teristics reflect the role of regional circu-
lation patterns.

Mediterranean late Holocene clino-
forms share several characteristics: (1)
they have fine-grained deposits as great
as 35 m thick, (2) they have very low-
angle features with a foreset steepness of
1 degree or less, (3) they are best devel-
oped on the downdrift side of their par-
ent delta relative to the dominant shelf-
current regime, and (4) they have a bot-
tomset region characterized by a sharp
termination of seismic reflectors or,
more commonly, by a low-angle transi-
tion to a draped shelf deposit. The study
of modern Mediterranean clinoforms al-
lows us to reconstruct in detail the clino-
forms’ internal geometry and to compare
it with direct observations of dominant
sediment-transport processes. Further-
more, study of this geologically short
interval makes it possible to disregard
the effects of sea-level fluctuations and
tectonics, which represent major con-
trolling factors on margin stratigraphy
over longer time scales (Berné et al., this
issue). For example, simplified dynamic
models explain the origin of clinoforms
based on gradual variations of the shear
stress on the seafloor, induced by waves
or bottom currents, as the primary con-
trolling parameter (Pirmez et al., 1998).

Innovative methods of studying
modern clinoforms include geophysical
subsurface and seafloor imaging, geo-
chronology, micropaleontology, process
studies, and conceptual and numeri-
cal models. A summary of the results

of multidisciplinary research on the
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late Holocene clinoform of the Adriatic
shelf is presented here. This research was
performed by EURODELTA and EU-
ROSTRATAFORM projects and funded
by the European Union and the U.S. Of-
fice of Naval Research. The main goal of
this article is to define how understand-
ing modern sediment-transport pro-
cesses can be used to explain the growth
of a clinoform over geological scales of

thousands of years.

ANATOMY OF THE ADRIATIC
SHELF CLINOFORM
The modern Adriatic Sea is a narrow
epicontinental basin (ca. 200 x 800 km)
(Figure 2) with a low topographic gradi-
ent (ca. 0.02 degrees) in the north, and
a steeper shelf farther south. The basin
has a microtidal regime and is domi-
nated by a cyclonic circulation driven by
thermohaline currents (Poulain, 2001).
On the Adriatic shelf, as on several other
Mediterranean shelves, the late Holo-
cene clinoform reaches up to 35 m in
thickness with a volume of almost two
hundred cubic kilometers (Cattaneo et
al., 2003).

On seismic profiles perpendicular
to the coast, the Adriatic shelf clino-
form shows relatively steeply dipping
foresets (typically 0.5 to 1 degree) and
is composed of elementary sigmoidal
units (Figure 3). A prominent morpho-
logic feature is the subaqueous “rollover
point” (separating topset and foreset
strata) in about 25 m water depth. This
diagnostic feature can be traced approxi-
mately 350 km along the coast north of
the Gargano promontory (Figure 3). As
suggested by direct dating on the basal
surface, and interpolations of sediment

accumulation rates derived from short-

lived radionuclides (>'°Pb), the most
recent portion of the clinoform was
likely deposited during the last 500 years
(Frignani et al., in press; Nittrouer et

al., this issue), an interval encompassing
the Little Ice Age. Offshore the Gargano
promontory, where the interaction be-
tween shore-parallel southward flowing
currents and basin morphology is at its
maximum, the clinoform advances onto
a flat bedrock outcrop in about 50-80 m
water depth. The rapid cross-shelf tran-
sition from a thickness of 30 m of mud
to 0 m is a good indication of the role
played by southward-flowing, bottom-
hugging currents that prevent deposition
in the bottomset and cause sediment re-

distribution along the shelf (Figure 3).

MULTIPROXY ANALYSIS ON A
SEDIMENT CORE: RF93-30

While the geometry of clinoforms is
well imaged on seismic reflection pro-
files, any quantification of changes in
sediment accumulation rates through
time requires a multidisciplinary study
of long sediment cores. In particular, a
firm geochronological framework needs
to be established by integrating comple-
mentary dating techniques, including
radiometric dating (4C, 2!°Pb), secular
variations of the magnetic field (inclina-
tion, declination), and tephrochronology
(as discussed in Oldfield et al., 2003).
This geochronological analysis allows

us to identify variations in sediment ac-
cumulation rates (and therefore changes
in sediment supply from the continent)
that can be attributed to global or re-
gional environmental change through
the analysis of paleo-environmental in-
dicators. These indicators include ben-

thonic foraminifera assemblages (repre-
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Figure 3. Seismic-reflection profiles across the Adriatic shelf show two representative clinoform geometries: (a) from the central Adriatic, and (b)
northeast of the Gargano promontory. Note the difference in clinoform geometry, with abrupt seismic-reflector terminations northeast of Garga-
no; this fact suggests the focusing of bottom currents flowing towards the southeast on the Adriatic shelf. Core RF93-30 was taken from the central
Adriatic clinoform, where the bottomset deposit provides a continuous record of sedimentation during the late Holocene (Oldfield et al., 2003).

sentative of seafloor conditions), pollen
spectra (recording changes in land cover
on the nearby continent), and geochemi-
cal tracers such as stable isotopes and
alkenones (providing information on
changing water-mass stratification and
temperature). This kind of integrated
information can be extracted from only
a few key cores; however, it can be ex-

trapolated regionally through seismic

stratigraphic correlation accompanied
by matching key parameters from several
coring sites (Figure 4).

Core RF93-30 is from an area of bot-
tomset deposition 350 km south of the
Po delta. The core provides an integrated
record of environmental changes over
the entire Adriatic basin. The chronol-
ogy of sedimentation in core RF93-30 is

based on AMS (accelerator mass spec-

trometer) '“C dates of foraminifera ex-
tracted from the core, palacomagnetic
secular variation, pollen abundance
and dated “tephra” (tephra is a layer of
glass shards and minerals ejected from
a volcanic eruption and transported by
wind). Changes in pollen abundances
show at least two intervals of deforesta-
tion recorded by abrupt decreases in

the relative abundance of broad-leaved
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Figure 4 (a) Core RF93-30 reveals a sequence of changes in terrestrial vegetation, terrigenous sediment input, and benthic fauna, as well as evidence
for variations in sea surface temperature spanning the last 7000 years. Around 3600 years before present (Late Bronze Age) and 700 years before pres-
ent (Medieval), two dashed black lines mark the onset of accelerations in sedimentation, reflecting the response of surface processes (e.g., soil ero-
sion) to widespread forest clearance and cultivation (Oldfield et al., 2003). White bands highlight the consequent response of the environment seen
in other biotic and abiotic parameters. Sea surface temperature (alkenone UX,, curve) is stable or increasing, indicating that the decrease of broad-
leaved trees, as seen in the pollen record, is caused by human impact and not by a climatic cooling. Benthic foraminifera data show the change from
a less-sedimented shelf environment (before 5000 years before present) to a “mud belt” environment with much higher sediment-accumulation rates
(Valvulineria complanata and Bulimina marginata), passing through a phase of decreased fluvial influence indicated by the dominance of Cassidulina
laevigata carinata. The peaks of the planktonic species Globigerinoides sacculifer, a warm-water symbiont bearing species, suggest intervals of reduced
turbidity of surface waters, confirming the decrease of the fluvial input. The disappearance of Globorotalia inflata approximates the onset of clinoform
growth in the Adriatic Sea. (b) Correlation of Core RF93-30 to other cores through the Adriatic shelf clinoform based on reflection-seismic profiles,
matching of magnetic susceptibility curves, “C dates and identified tephra layers (core location in Figures 3 and 5d). The section above the dashed
red line represents the late Holocene shelf clinoform; in blue are the last 500 years encompassing the Little Ice Age (ca. 500-100 years before present)
and the last century.
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trees since the late Bronze Age (ca. 3700
years before present) (Figure 4). These
rapid episodes of deforestation result in

increased soil erosion and, consequently,

increased sediment flux to the clinoform.

Increased concentrations of organic car-
bon (TOC) indicate higher productivity
triggered by an augmented flux of nu-
trients from the continent. Interestingly,
all of these environmental changes are
paralleled by a significant increase of
benthonic foraminifera species (Valvu-
lineria complanata, Bulimina marginata)
dwelling in rapidly accumulating mud;
these changes indicate phases of en-
hanced growth of the Adriatic clinoform
(Figure 4) (Box 1). During intervals of
forest clearance, geochronological recon-
structions indicate that sediment accu-
mulation rates rose up to as much as 1.5
cm/yr. This kind of stratigraphic study
documents how Mediterranean late Ho-
locene clinoforms record short-term cli-
matic changes and well-defined episodes
of human impact through pulses in sedi-
ment supply.

Concern about human impact on
global change is increasing. Not only is
this impact evident since the advent of
industrial revolution, but also it appears
to have been crucial in raising the con-
centrations of greenhouse gases as early
as eight thousand years before present
(Ruddiman, 2003). To further under-

stand past human impact, it is necessary

to identify the best stratigraphic archives.

In addition to the records provided by
varved lakes or ice cores, Mediterranean
clinoforms offer excellent chronologi-
cal resolution and the possibility to link
continental and oceanic signals of envi-

ronmental change.

OBSERVATIONS OF CLINOFORM
GROWTH ON COMPLEMENTARY
TIME SCALES

The growth patterns and internal ar-
chitecture of the Adriatic late Holocene
clinoform can be reconstructed over
distinctive but complementary intervals
(Figure 5). Such intervals extend from
event, seasonal, or annual scales (Figure
5a) to stratigraphic intervals of increas-
ing duration: (1) the last century (Figure
5b), (2) the last 500 years (Figure 5¢),
and (3) the last 5000 years (Figure 5d).
The choice of such subdivisions depends
partly on the kind of tool used for strati-
graphic observation and on the dating
techniques employed; however, these
subdivisions represent significant inter-
vals such as the industrial revolution, the
Little Ice Age, and the second half of the
Holocene (Figures 5b to 5d, respective-
ly). Necessarily, each of these intervals
extends to the present; therefore, infor-
mation on longer time slices also in-
cludes progressively younger and shorter
intervals. Comparing sediment distribu-
tion within these three complementary
stratigraphic frames, and to oceano-
graphic processes measured today, indi-
cates that (on all time scales) sediment
deposited away from this coastal belt is
negligible or episodically removed by
currents.

As a whole, the Adriatic clinoform
encompasses the last ca. 5000 years, the
entire interval of sea level high stand
during the Holocene. Mapping and vol-
ume calculations for this unit derive
from the interpretation of seismic re-
flection profiles and dating of sediment
cores reaching its basal surface. At this
scale, the distribution of the Adriatic

clinoform shows three main elongated

depocenters on the shelf: offshore the
Po River delta, along the central Adriatic
margin, and east of the Gargano prom-
ontory. The clinoform unit deposited
during the last ca. 500 years can also be
traced on seismic reflection profiles and
by its basal horizons dated in sediment
cores. The depocenter of this youngest
unit is located seaward of the depocenter
of the entire clinoform, indicating active
outbuilding during the last 500 years.
The clinoform during the last century
was instead traced based on sediment
accumulation derived from !°Pb short-
lived radionuclides (Frignani et al., in
press; Nittrouer et al., this issue). Sedi-
ment-accumulation rates were derived
from a Constant Flux-Constant Sedi-
mentation model (for more information,
see Frignani et al., in press). The areas of
maximum sediment accumulation rates
during the last ca. 100 years are located
farther seaward with respect to the po-
sition of the depocenters of the whole
clinoform and to the clinoform unit rep-
resenting the last 500 years. This offset
is particularly evident in the areas east
of the Gargano promontory. The pres-
ence of localized depocenters (compared
to the more elongated sediment distri-
bution averaged on longer intervals)
reflects compensation in the sediment
distribution along the margin (besides
uneven spatial distribution of core data).
To establish relationships among ac-
tive sediment dynamics, across-shelf
transport, and sediment accumulation
in the western Adriatic clinoform, two
tripods and one mooring were deployed
off the Pescara River (central Adriatic)
during autumn and winter 2002/2003
as part of the EUROSTRATAFORM
project, and in combination with the Po
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BOX 1: FORAMINIFERA STUDIES
IN CLINOFORM CHARACTERIZATION

Foraminifera constitute the most diverse group of shelled microorganisms in the modern ocean.
They live in the water column (planktonic foraminifera) or inhabit the ocean floor (benthic fora-
minifera). Foraminifera show a great variety and abundance both in the fossil record and in the
modern marine environment, revealing high sensitivity to biotic and abiotic factors. Modern
planktonic foraminifera show a latitudinal distribution (e.g., polar, subpolar, transitional, sub-
tropical, and tropical provinces) as well as a vertical distribution in the water column (e.g., sur-
face, intermediate, deep-water species); these distributions result from differences in water-mass
temperatures, dissolved-oxygen concentrations, food availability, winter mixing, and trophic lev-
els (Hemleben et al., 1989).

Benthic foraminifera are present in all marine environments from supratidal to abyssal sedi-
ments, and they live at the water-sediment interface (epifauna) or down to several centimeters
within the sediment (shallow, intermediate, and deep infauna), where content of oxygen, food
availability, and, today, toxic substances can be drastically different from the sediment-water in-
terface (Jorissen, 1999). In this context, different “microhabitats” (microenvironments character-
ized by a combination of physical, chemical, and biological conditions) can be attractive for some
organisms, but uninhabitable for others. The vertical distribution of a particular species may vary
spatially or through time at a single site in response to environmental and oceanographic changes.

In the modern shelf environment, different assemblages are present: from the marsh associa-
tion (useful as sea-level indicator and dominated by agglutinated and hyaline species) to the la-
goon, inner shelf, and outer shelf-upper slope assemblages (see figure). In the outer shelf and up-
per slope, planktonic foraminifera are present, whereas, in the inner shelf, they are absent or rare.
In a shelf environment affected by fluvial input, the interplay of fluvial discharge and transport
by surface-water currents results in the deposition of fine-grained, organic-rich sediment roughly
parallel to the coast, corresponding to the shelf clinoform (Van der Zwaan and Jorissen, 1991).
Moreover, the fluvial input may lead to anoxic or dysoxic conditions even at great distances from
a specific deltaic freshwater source. This environment affects the benthic foraminifera distribu-
tion, favoring the presence of opportunistic species. Van der Zwaan and Jorissen (1991) explained
the seasonal changes in the microhabitat of benthic foraminifera based on two assumptions: (1)
the oxygen level in the sediment controls the presence and type of benthos, and (2) several ben-
thic organisms are exclusively epifaunal, while others are infaunal during periods of well oxygen-
ated bottom waters (e.g., winter), and shift to an epifaunal position during periods of low oxygen
concentrations in the sediments, (e.g., summer and autumn) (see figure). Changes of foramin-
ifera associations recorded within older strata allow us to reconstruct changes in rate or style of

clinoform growth.
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(a) Morphologic profile showing the different benthic and planctonic foraminifera assemblages in a continental shelf affected by fluvial discharge. (b)
Model for microhabitat occupation during various stages of oxygen deficiency (from Van der Zwaan and Jorissen, 1991) based on a section across the
Adriatic Sea shelf (from a nearshore sandy zone, stippled shading, passing to a muddy shelf clinoform). The Ammonia-Elphidium assemblage inhabits the
nearshore zone, while Cassidulina laevigata and Melonis barleeanum dominate the most distal zone, less directly influenced by river outflow. In the shelf
muddy clinoform during winter, the vertical succession includes epifauna (Nonionella turgida and Valvulineria complanata in somewhat deeper water)
and infauna (Textularia and Bulimina marginata forma aculeata and forma denudata). When the critical oxygen level starts to rise in summer, infauna are
forced to migrate to the epifaunal microhabitat; during the late summer/autumn, when oxygen concentration falls to minimum values, the center of the
“mud belt” tends to be devoid of benthic life, resulting in a succession of microhabitats that is more compressed towards its outer edges (Van der Zwaan
and Jorissen, 1991). Benthic foraminifera illustrated: 1. Trochammina macrescens, 2. Trochammina inflata, 3. Ammonia beccarii, 4. Elphidium gr. crispum, 5.
Nonionella turgida, 6. Brizalina spathulata, 7. Bulimina gr. marginata, 8. Valvulineria complanata, 9. Cassidulina laevigata carinata, 10. Hyalinea balthica, 11.
Uvigerina spp, 12. Cibicidoides pachyderma, 13. Trifarina angulosa. Planktonic foraminifera illustrated: 14. Globigerina quinqueloba, 15. Globigerinoides sac-
culifer, 16. Orbulina, 17. Globigerinoides ruber, 18. Globorotalia inflata.
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Figure 5. Maps of the Adriatic Sea show
information on the shelf clinoform at
complementary time scales ranging from
ca. 10 to 5500 years before present. (a)
MODIS satellite image (spring 2001)
capturing the evolution of river plumes
affected by current and coastal morphol-
ogy (Courtesy of NASAS Visible Earth

by K.Ward and the Earth Observatory
team). White arrows indicate surface
circulation (averaged measurements dur-
ing the years 1990-1999 with Acoustic
Doppler Current Profiler) (Poulain, 2001).
(b) Contour map of 2'°Pb-based mass-ac-
cumulation rates (last century) showing

Last century - Mass accumulation rates (g cm? yr) e
W P =>N Croatia = 0.00
: & A ) 0.15

maximum accumulations offshore of the 0-30
0.60

Po delta and along a narrow belt parallel 100
to the coast (redrawn from Frignani et al,, ; 1'50
in press). (c) Thickness map from seismic- T P — 2.00
reflection profiles of the upper sedimen- y . AN w @57 N\ Z § 3.00
tary unit of the shelf clinoform deposited . e (DY, - >3.0

s 2. EFN :

in the last 500 yr and encompassing the
Little Ice Age (dated ca. 500 to 100 years
before present). TWTT = two way travel
time; with a rough estimate of 1500 m s™'
for sound speed in water and superficial
sediment, 10 milliseconds correspond
to 7.5 m. (d) Thickness map from seis-
mic-reflection profiles of the whole shelf
clinoform deposited during the last 5500
years with location of key sediment cores
(black dots). As a whole, the shelf clino-
form has three distinct areas of maxi-
mum sediment accumulation: offshore  [Late Holocene clinoform - thickness TWTT (ms) B
the Po delta, along the central Adriatic ) Croatia
margin, and eastwards of the Gargano ’ e
promontory. All scales of observation
show consistently that sediment is ef-

10
20

21 30
ficiently redistributed in a shore-parallel \\Q{\\“% N 0
direction following the counterclockwise _ 50
circulation of the Adriatic. N >50
S
d
and Apennine Sediment Transport and m and 20 m water depths, respectively; easterly winds) and Scirocco (southeast-
Accumulation (PASTA) study (Puig et the mooring was located at 50 m wa- erly winds) storms, when both wave-
al., submitted). The tripods were placed ter depth in the foreset region. Several orbital and current velocities increased
on the shallow topset region and close events of sediment re-suspension were considerably. Combined wave-current
to the clinoform rollover point at 12 recorded, mainly during Bora (north- maximum shear stresses in the shallow
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topset region (12 m) reached values of

1 to 3 Pascals (Pa), and appeared mainly
induced by waves. At 20 m water depth,
these values decreased by about an or-
der of magnitude to about 0.2-0.4 Pa;

in this case, shear stress induced by cur-
rents alone reached a level equal to that
induced by waves. At a 50 m water depth,
on the foreset, maximum shear stresses
were just ~0.1 Pa and were mainly in-
duced by currents.

Sediment transport was predomi-
nantly towards the southeast, following
the Western Adriatic Coastal Current
(WACC), but showed a significant oft-
shore component close to the clinoform
rollover point and on the foreset region,
which intensified during storm events.
This offshore transport seems to be as-
sociated with an intense bottom Ekman
transport, which causes the near-bottom
current to be deflected to the left (in the
northern hemisphere) with respect to the
direction of the surface current (Figure
6). This process was not observed in the
shallow topset region because the role of
Coriolis force diminishes in very shallow
waters, the bottom Ekman spiral cannot
be formed, and the near-bottom currents
become more aligned with the direction
of the surface current (Csanady, 1982).
Because suspended material typically oc-
cupies the lower part of the Ekman layer,
the depth-integrated sediment transport
occurs at an angle with respect to the
depth-integrated water flow (Shapiro,
2004), favoring transport of suspended
sediment from the topset to the foreset
region. This across-shelf transport is par-
ticularly intense during Bora storms due
to enhanced wave shear stresses caus-
ing sediment resuspension and to the
strengthening of the WACC.

INTEGRATING STRATIGRAPHIC
INFORMATION AND PROCESS
DATA

Foresets of the Adriatic clinoform are
actively forming as documented by a
progressive seaward shift in the area of
active deposition through time (Figure
5). Furthermore, the overall shape of the
clinoform over different time scales is
elongated parallel to the western Adri-
atic coast, testifying to the importance of
southward sediment transport. One of
the major findings about clinoform gen-
eration from the EURODELTA and EU-
ROSTRATAFORM projects is that pres-
ent sediment transport is sub-parallel to
the foresets, with a likely slight offshore
component to allow active outbuilding
basinward. Comparison of seismic strati-
graphic records and sediment-accumula-
tion rates over the last century (based on
short-lived radionuclide data) shows that
the largest absolute accumulation rates
are encountered offshore the Po delta
and just updrift of the Gargano promon-
tory, while the offshore component of
dispersal is greater in areas of flow diver-
gence located downdrift of the coastal
bulge of the Gargano promontory (Cat-
taneo et al., 2003) (Figure 5b).

The morphology and thickness dis-
tribution of the Adriatic shelf clinoform
reflects sediment transport by the WACC
parallel to the clinoform. However, the
intense bottom Ekman transport ob-
served off Pescara likely occurs along
the entire western Adriatic margin as-
sociated with the extent of the WACC
and contributes to cross-shelf sediment
transport that allows the clinoform
growth. The bottom Ekman transport
would cause a veering of the near-bot-

tom currents and a divergence of flow,

causing the sediment to be moved to
deeper waters where wave shear stress
diminishes (Figure 6). Based on the sedi-
ment distribution “averaged” during the
last ca. 5000 years, the mechanism for
growth of the Adriatic clinoform due
to bottom Ekman transport could have
been active since the beginning of the
mid-Holocene, when the Adriatic Sea
acquired its modern morphology and,
most probably, circulation pattern. Addi-
tional mechanisms for clinoform growth
could be downwelling and seaward bot-
tom flows (observed when winds pile
water against the coast), or gravity flows
triggered from river floods (not observed
today, but possible before dams were
constructed in Apennine Rivers).
Another important insight coming
from the detailed study of the Adriatic
shelf clinoform is the reason why the
bottomset tapers basinward. The usual
assumption for explaining this observa-
tion is that in the topset there is high,
near-bed shear stress and sediment by-
pass is common; in the foreset, shear
stress decreases and sediment accumula-
tion is at its maximum; in the bottomset,
less sediment is available and sediment
accumulation decreases for this reason
alone. At least in the case of the Adriatic,
however, the clinoform grows basin-
wards and tapers out seaward, not sim-
ply because sediment is trapped in the
foreset region, but because the bottom
current intensifies and prevents sediment
accumulation on the bottomset. These
effects are visible from seismic reflection
profiles (e.g., Figure 3b). Most models
assume that clinoforms grow essentially
as supply-limited systems; they build in
equilibrium with sediment supply. The
Adriatic example shows instead that the
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Figure 6. Three-dimensional sketch showing the main physical processes that are responsible for sediment transport across the Adriatic shelf clinoform.
Two simplified stratigraphic sections show end-member arrangements of clinoform above a basal surface (dashed red line): topset and bottomset could
be sites of deposition (right, the case of the central Adriatic) or not (left, the case east of Gargano). Of course, many intermediate cases are possible.

growth of a clinoform can be energy lim-
ited (as occurs off the Gargano promon-
tory). This is the result of shore-parallel
currents like the WACC, which increase
energy in the bottomset region, prevent-

ing deposition.

DISCUSSION AND CONCLUSION
Simplified geological models explain the
growth of clinoforms as two-dimension-
al features where sediment is transported

exclusively across a continental margin.
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Instead, clinoforms, like all geological
strata packages, are three-dimensional
and reflect the interplay between water
depth, sediment supply, and hydrody-
namics (Driscoll and Karner, 1999). In
particular, the extensive research carried
out on the Adriatic clinoform docu-
ments that the late Holocene clinoform
grows in response to sediment advec-
tion along the margin as indicated by
its shore-parallel elongation downdrift

of major sediment entry points. At any

site, the component of clinoform growth
in a basinward direction seems to be
dominated at present by bottom Ekman
transport, although transport by gravity
flows could have been important when
Apennine Rivers were not dammed
(until about 50 years ago). The physi-
cal processes that govern the clinoform
growth today were likely at work over the
last few thousand of years even though
sediment supply was not steady and ex-

tensive river damming since the 1950s



induced further limitations. Secular- to
decadal-scale supply fluctuations can
be precisely defined based on integrated
stratigraphic techniques.

Based on the Adriatic example, two
main factors determine the thinning of
strata in the distal clinoform: (1) the
gradual decrease of sediment supply,
leading to supply-limited bottomset,
and/or (2) the increase of environmental
energy, leading to energy-impacted bot-
tomset. The first case, often implicitly
assumed as dominant, regards the bot-
tomset just as a distal area that passively
receives less sediment. The second case,
somehow overlooked, is when environ-
mental energy increases in the bottomset
because of action of bottom currents
flowing along the bathymetric contour.
In the Adriatic clinoform, excess energy
prevents deposition in the bottomset,
limiting the basinward growth of the
clinoform. Furthermore, bottom cur-
rents, often oblique to the bathymetric
contour, induce a lateral (rather than
basinward) translation of sediment, with
the formation of elongated shore-paral-
lel clinoform bodies.

In general, it is possible to make infer-
ences on the processes responsible for
clinoform growth through the latter part
of the Holocene by combining detailed
observations of the anatomy of a shelf
clinoform with a robust geochronologic
framework and short-term sediment-
transport observations. This task unveils
mechanisms of continental margins’
growth; it reaches its maximum poten-
tial in the late Holocene, because, in this
case, it is possible to disregard several
other controlling parameters, such as

sea-level changes and tectonic move-

ments, which become increasingly sig-

nificant over longer geological scales.
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