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Abstract

During sea-level low stands continental shelves were dissected by a network of channels somewhat resembling today’s

coastal plain streams. The network was subsequently buried or erased by marine processes during sea-level transgression,

so that only some tracts are still conserved in the geological record. Herein we use a numerical model to study the effect of

base level change by sea-level fall on the total channel incision. We find that four factors control the total incision on the

shelf: (i) the presence of convex deposits; (ii) the evolution of the rivers towards equilibrium (graded) conditions; (iii)

geometrical differences between coastal plain and shelf; and (iv) the exposure of the continental slope. The conceptual

model is then applied to the Adriatic Sea, Italy. Simulations show that incisions in the Adriatic shelf develop in high stand

fluvial deposits in the early stages of sea-level fall. At lower sea level, fluvial incision occurs in the mid-Adriatic due to the

regrading of the Po River after the capture of the Apennine streams in its drainage system.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In contrast to terrestrial landscapes, few valleys
dissect the inner-, and mid-shelf. Those that do are
limited to areas where large rivers scoured wide
paleo-valleys during sea-level low stands, and were
then able to survive subsequent reworking and
partial filling by coastal and marine processes.
Examples are the Delaware shelf valley in front of
the Delaware River (Swift, 1973), the shelf along the
east coast of Brazil, and the Hudson shelf valley in
front of the Hudson River on the US East Coast
shelf (Uchupi et al., 2001). Despite the fact that
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modern shelf surfaces bear the signs of only a few
major rivers, there is evidence that during sea-level
low stands exposed shelf surfaces were dissected by
intricate networks of channels somewhat resembling
today’s coastal plain streams (Fagherazzi et al.,
2004). These networks were subsequently buried or
erased by marine processes during sea-level trans-
gression, so that only some tracts are preserved in
the geological record and can be detected through
cores or seismic profiles. Duncan et al. (2000) and
Davies and Austin (1997) found an erosional
surface characterized by the presence of numerous
paleo-channels in the stratigraphy of the New Jersey
continental shelf. They interpreted these to be the
result of fluvial incision during a subaerial period
corresponding to the Wisconsin glacial maximum.
.
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Some of the streams that form on the shelf are the
continuation of upland rivers, while others were
locally formed by the routing of direct rainfall on
the shelf surface. For example, sub-bottom seismic
profiling data collected offshore of the Florida
Panhandle indicate that the river systems of north
Florida extended well beyond their present mouths
during sea-level low stands, creating extensive
networks of fluvial features on what is now the
inner and mid-shelf (Locker and Doyle, 1992;
Donoghue, 1993; McKeown et al., 2004). Further-
more, the data show that many of the smaller rivers,
which presently terminate at the modern coast were
tributaries of the larger rivers during low stands.

Despite their lack of bathymetric expression on
the modern shelf surfaces, past fluvial incisions must
have been important for shelf morphological evolu-
tion. Sediment redistribution was governed by
incoming rivers, their location and geometry. As
such it is impossible to understand the evolution
of shelf morphology during the last glacioeustatic
cycle without determining the characteristics of
the streams that were dissecting the shelf and the
modality in which they provided sediments to the
nearshore area.

An important aspect of shelf dissection by fluvial
streams is the degree of incision related to a
particular stream. The total incision controls the
total volume of sediment eroded from the shelf and
determines the possible preservation of the channel
in the geological record. Several mechanisms con-
trol channel incision. Here we describe three main
factors that are the focus of our research: (i) the
presence of convex deposits on the shelf; (ii) the
evolution of the rivers towards equilibrium (graded)
conditions; and (iii) geometrical differences (slope)
between coastal plain and shelf.

Talling (1998) points out that, where present, the
shape and location of deltaic deposits are a key
control for channel incision during low stands, with
the thickness of high stand deposits (i.e. the coastal
prism) determining the total incision. He assumed
that if sea level does not fall below the shelf-slope
break, the major valley incision will occur where
convex coastal prisms are deposited during high
stand. This framework requires that the river
preserves its profile without major modifications,
thus cutting through deposits accumulated during
high sea-level periods.

In reality, the river can be out of grade during a
decrease in sea level, and therefore it can erode the
shelf bottom in trying to recover its equilibrium
profile even without the presence of convex deltaic
deposits on the shelf. Incision and aggradation are
then a consequence of the fact that rivers tend
toward an equilibrium longitudinal profile (graded
condition, Mackin, 1948; Schumm and Lichty,
1965) that depends on water discharge, sediment
load, and bottom slope. If the river is not at grade
on the continental shelf, adjustments of the river
longitudinal profile might be the leading cause of
incision, rather than the shape and location of
convex deltaic deposits. For example, if the graded
conditions lead to a convex profile, this is likely a
location of net erosion because convexity implies a
downstream increase in slope, which produces a
downstream increase in sediment transport capacity
and therefore erosion.

Schumm (1993) recognized that a change in base
level can produce not only a variation of stream
gradient and related channel bottom incision or
aggradation, but also an adjustment of channel
sinuosity, shape and roughness. This notwithstand-
ing, it is clear that adjustments in slope are always
present when a river evolves toward graded condi-
tions, and these changes in slope dictate the degree
of incision in the shelf.

Changes in the geometry of contiguous coastal
plains and shelves can also influence channel
extension and incision during sea-level fall. A
coastal plain slope greater than the shelf slope can
lead to channel extension with progradation and
aggradation, whereas a coastal plain slope smaller
than the shelf slope causes a channel extension with
deep incision during sea-level fall (Summerfield,
1985).

In recent years, several numerical models have
been used to study the evolution of fluvial–deltaic
systems on the shelf during glacioeustatic cycles.
Meijer (2002) presented a cellular model for coupled
river-shelf evolution during sea-level oscillations.
The model is based on both a diffusive transport
and a directional stream transport applied to a
squared mesh, and favors the formation of a diffuse
channel system, with several deltaic distributaries,
during sea-level fall. The model well reproduces
river avulsion, delta–lobe switching, incision and
knickpoint migration during glacioeustatic cycles.
More importantly, the model results show a direct
link between the drainage basin and the fluvial
deposition at the shelf edge. When the river attains
equilibrium, in which neither erosion nor deposition
occurs along the stream, sediment is directly
deposited at the coastline, thus bypassing the entire
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exposed shelf. Moreover, Meijer (2002) finds that
the timing of this drainage connection (i.e. when
equilibrium conditions are reached) is highly vari-
able and depends on the shelf initial conditions.

A similar approach is utilized in Clevis et al.
(2003, 2004), where the fluvial drainage model
GOLEM (Tucker and Slingerland, 1997) is coupled
to a simplified, diffusion-based, marine module.
This framework is applied to the hierarchical
organization of foreland basins in the stacking of
sequences deposited by transverse (alluvial fans)
and axial (the major river forming the delta)
systems.

Whereas Meijer (2002) focuses on one river and
its coupling with the shelf system, and Clevis et al.
(2003, 2004) emphasize the stratigraphy of the
drainage basin, neither of their models are applied
to large-scale coastal plain–shelf systems. In Fa-
gherazzi et al. (2004), we presented a coupled
continental shelf–coastal plain model for simulating
fluvial incision and deposition on the continental
shelf during sea-level cycles. The model utilizes the
DELIM morphological model (Howard, 1994) for
the development of fluvial drainage networks
coupled to sea-level oscillations and nearshore
processes. The regular grid and the simplified
description of the processes utilized in the model
allow us to simulate the evolution of large shelf
areas through time with little computational effort.
The model is able to predict the location of incised
channels during sea-level low stands and the related
degree of incision. Simulation results reported in
Fagherazzi et al. (2004) show the strong influence of
shelf morphology on establishing channel networks
during sea-level low stands. The model also
indicates that the detailed structure of sea-level
oscillations has a strong influence upon sediment
redistribution and channel development on the
shelf.

Herein we present a series of simulations with the
model of Fagherazzi et al. (2004) that explore the
role of river-graded conditions, convex deposits (i.e.
coastal prisms) and changes in slope between
coastal plain and shelf on total channel incision.
The conceptual model is then applied to the
Adriatic Sea, Italy.

2. The model

We use the numerical model developed in
Fagherazzi et al. (2004) to predict the evolution
and the degree of incision versus deposition by
fluvial channels on the continental shelf during sea-
level cycles. The model accounts for mass-wasting
processes, fluvial sediment entrainment and trans-
port. These processes are simulated using the
framework delineated in the DELIM model of
Howard (1994) on a grid that represents the
morphology of the continental shelf and corre-
sponding coastal plain. The model is coupled with a
deltaic module for sediment deposition in the ocean
and a fluctuating sea level that mimics climatic
changes on a �104 yr time scale (see Table 1).

The process implementation is reported in Table
1 (see also Fagherazzi et al., 2004). The model runs
with a time step of 10 yr, so that every parameter of
the equations reported in Table 1 was calculated for
this time step (see Fagherazzi et al., 2004 for the
parameter determination).

Fluvial incision occurs in two different ways: in
transport-limited conditions, when there is enough
sediment in the shelf, incision is produced by the
divergence of the sediment fluxes, and in particular
it occurs when the sediment supply is less than the
river carrying capacity. In detachment-limited con-
ditions, when there is no loose sediment and the
river has reached the underlying resistant substrate,
incision is produced by a bottom shear stress higher
than the critical shear stress for erosion. The two
incision styles have different timescales that strongly
dictate the evolution of the system. The timescale
for transport-limited incision is relatively fast, so
that the rivers rapidly adjust to variations in
sediment supply. On the contrary, the timescale
for detachment-limited incision is of the same order
of the timescale of sea-level oscillations, so that the
total incision is a function of the period during
which the shelf or the continental slope are exposed.

3. Fluvial incision and graded river conditions

The model simulations described herein start
from a strongly simplified shelf-coastal plain con-
figuration; more realistic conditions are then dis-
cussed. In the first simulation, the continental shelf
and the upper part of the continental slope are
idealized as two flat tilted plains intersecting each
other (Fig. 1a). The slope of the continental shelf
(�0.0008) and its width (�100 km) are similar to
those of the Atlantic shelf offshore Virginia. Only
the upper part of the continental slope is considered
(Fig. 1a). To produce a realistic fluvial path we have
added a random elevation uniformly distributed
between 0 and 1m to the initial topography.
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Table 1

Model components

Processes Implementation

Weathering Because of the intrinsically weak nature

and high erodibility of continental shelf

sediments (e.g., Howard and Kerby,

1983), we assume that reduction in erosive

properties by weathering are

inconsequential

Mass wasting In steep, mantled landscapes the sediment

flux most likely increases for slopes near

the failure slope and the diffusion

equation should be modified to account

for this nonlinear mechanism (Howard,

1994; Roering et al., 1999). However, the

gentle slopes of continental shelves and

coastal plains suggest that near-failure

mass wasting is a negligible process

qz

qt
¼ KS

q2z

qx2
þ

q2z

qy2

� �

Fluvial aggregation In the model each square element of the

computational grid drains into one of the

eight neighboring elements following the

steepest descent direction; we then

calculate the drainage area as the sum of

the areas of the elements that are

connected upstream to the considered

point

Detachment limited

fluvial erosion

Detachment-limited conditions are used

when the regolith thickness (a) and the

channel bottom is zero. The detachment

capacity is assumed to be proportional to

the difference between shear stress that

the flow exerts on the bed and critical

shear stress for erosion

qz

qt
¼ � KT ðt� tcÞ tXtc

t ¼ KzA0:6eð1�bÞS0:7

Transport limited fluvial

erosion

Transport-limited conditions apply when

there is regolith above the bedrock at the

channel bottom. In this case, changes in

channel elevation depend on the

divergence of the sediment discharge

qz

qt
¼

1

a
ðQin

sb �Qout
sb Þ

Qsb ¼ KqAeSp

Channel geometry

D ¼ KD Qa; W ¼ KwQb;

River dimensions vary downstream

following the rules of hydraulic geometry

(Leopold and Maddock, 1953)

Deltaic deposition The foreset slope is provided as an input

parameter, whereas the terminal topset

slope is set equal to the equilibrium slope

(at grade) of the river from the given

drainage area and sediment discharge.

Sediments are deposited at the delta forset

maintaining constant topset and forset

slopes

The model is divided in several modules that include the main

processes acting on the coastal plains and inner shelf.

Notation: z, shelf bottom, t, time; x and y, spatial coordinates; Q,

river discharge; Qsb, total sediment load; D, channel depth; W,

channel width; t, shear stress exerted by the flow at the bottom;

tc, critical shear stress for bottom erosion; A drainage area and S

bottom slope of the river. KS, KT, a, KD, KW, a, b, e, and p are

constants whose value is reported in the parametrization

presented in Fagherazzi et al. (2004).
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Furthermore, we assume a uniform sediment thick-
ness of 15m on the shelf. At the top edge of the
simulation domain an incoming river having a
drainage area of the same magnitude of the
modern Delaware river is considered (drainage
area ¼ 0.017� 106 km2; from Milliman and Syvitski,
1992). Furthermore, it is supposed that the river is
at grade, so its sediment load is derived from the
total sediment load equation (see Table 1), given the
basin area and the shelf slope. With a total sediment
load Qsb ¼ 800,000m3/yr no aggradation or incision
occurs on the shelf (Fig. 1a).

In the first two simulations, sea-level oscillations
are simplified to a high stand period of 5000 yr with
elevation of 0m (present sea level), followed by a
low stand period of 5000 yr at �60m (Fig. 1d). The
initial high stand period allows an alluvial delta to
deposit at the coastline (Fig. 1b) and the fast drop in
sea-level facilitates the investigation of its subse-
quent incision. Similar conditions can occur during
pauses of sea-level regression. The almost flat delta
topset extends inland whereas the steep forest (with
slope �51) is submerged. After sea-level drops, a
second delta forms at an elevation of �60m (Fig.
1c) and erosion occurs at the location of the high
stand alluvial deposits (Fig. 1c and e) as envisioned
by Talling (1998). Since the river is at grade, the
location of maximum incision occurs at the point of
maximum convexity in the first coastal prism
deposit. This configuration led Talling (1998) to
conclude that valley incision is maximum in areas
where convex deposits formed during high stands.

In the simulation, several channels develop next
to the major channel (Fig. 1c). The watersheds of
these channels are entirely located on the shelf and
the sediment transported in them has a local origin.
In simulations where the shelf is modeled as a gently
sloping plane the minor channels are almost parallel
and seldom discharge into the principal river under
study (Fig. 1c).

If sea level drops below the shelf-slope break, a
knickpoint forms at the break and migrates up-
stream (Fig. 2a–c). Again the high stand deposits
will be cut by the river but now the incision caused
by the migrating knickpoint is larger, being of the
order of 20m (Fig. 2f). The river thus scours the
entire sediment thickness and part of the bedrock,
forming a knickpoint that propagates upstream. On
the contrary, if the incision is limited to the shelf
sediments without exposing the bedrock, then the
knickpoint will get rapidly smeared. The time scale
of the knickpoint migration becomes crucial for
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Fig. 1. Establishment of fluvial channels in the continental shelf after sea-level regression when the river slope is in equilibrium with the

shelf and coastal plain gradients. The shelf and the upper part of the continental slope are schematized as two flat tilted planes. A river at

grade for the given shelf slope flows in the middle of the simulation domain. (A) Initial conditions; (B) after 5000 yr a deltaic deposit forms

at the coastline; (C) after 10,000 yr following a sudden drop in sea level a second delta forms at the new coastline location whereas the first

delta is incised by the river. Note the establishment of secondary channels in the entire shelf surface; (D) sea-level curve; (E) channel

profile; and (F) channel incision after 10,000 yr.
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assessing the degree of incision. If the period during
which the entire shelf is exposed is limited, the
knickpoint will migrate for a short distance up-
stream and the river will not be able to reach a new
equilibrium configuration.

So far we have considered rivers in equilibrium
(graded) on the continental shelf. This condition is
probably valid for few rivers, since changes in
tectonic settings and climate may cause variations in
sediment delivery to the coast. For the coastal plain
rivers in Virginia, for example, it is plausible that
the erosion of the Appalachians and the lack of
tectonic uplift have resulted in a long-term reduc-
tion of the sediment volume delivered to the coast.

Even greater are the consequences of the succes-
sion of glacial and inter-glacial periods to river
discharge and sediment load (Bull, 1991; Starkel
et al., 1991). Changes of river regime (both in terms
of discharge and sediment load) at the geological
time scale suggest that rivers rapidly switch between
different grading conditions through aggradation or
incision. Furthermore, water is transported from
the continent interior to the coastal plains through
different rivers having a wide range of water
discharges. Even if a river is in equilibrium with
the shelf slope, a similar condition for a nearby one
with different discharge or sediment transport is
likely not.

Consider for example the US Atlantic coast
where rivers flow from the Piedmont to the coastal
plain and then, in former times, out across the shelf.
In the initial configuration, we let the slope of the
three units (piedmont, coastal plain and shelf) be
identical, forming a tilted plain (Fig. 3a). We further
consider a river not at grade in the sense that the
sediment load is less than the expected given the
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Fig. 2. Establishment of fluvial channels in the continental shelf after sea-level regression to below the shelf break. A river at grade with

the shelf slope flows in the middle of the simulation domain. (A) Initial conditions; (B) after 5000 yr a deltaic deposit forms at the coastline;

(C) after 10,000 yr the sea level is below the shelf slope, producing extensive downcutting along the river profile and the formation of a

migrating nickpoint; (D) sea-level curve; (E) channel profile; and (F) channel incision after 10,000 yr.
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discharge and the coastal plain slope. The flow will
then erode the valley bottom trying to reduce the
gradient and return to an equilibrium configuration.
In our simulation, the top part of our domain is
composed of resistant material (no erosion is
allowed) that mimics the Piedmont bedrock. We
consider a smooth drop in sea level that does not
expose the entire shelf. After 7000 yr the river has
already deeply incised the coastal plain surface
(Fig. 3b and e). Because sea level is constantly
decreasing, the river has to keep regrading in order
to counteract these changes. After 14,000 yr the
river incision will thus be higher (Fig. 3c and e).
Since incision is defined as the difference between
the river bottom and the shelf surface, the high
frequency ondulations in Fig. 3f are due to the
ragged initial topography.

Because of the two boundary conditions of
resistant material on the Piedmont and low gradient
at the topset delta, the regrading of the river gives
rise to a knickpoint at the Piedmont boundary. The
longitudinal profile of the Rappahannock River in
Virginia is reminiscent of this situation with a flat
incised valley in the coastal plain and abrupt
elevation change at the border with the Piedmont
(fall line) (Fig. 4). Channel incision below the fall
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Fig. 3. Establishment of fluvial channels in the continental shelf after sea-level regression when the river grade is less than that of the shelf

and coastal plain. An out-of-grade river flows in the middle of the simulation domain. The sediment discharge becomes less than the

equilibrium value used in the simulations of Figs. 1 and 2, therefore the river tries to reduce its slope by downcutting. (A) Initial

conditions; (B) after 7000 yr the river eroded the coastal plains surface forming a knickpoint at the border between coastal plain and

piedmont; (C) after 14,000 yr channel incision is remarkable despite having the coastline still above the shelf slope; (D) sea-level curve;

(E) channel profile; and (F) channel incision.
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line is significant even if sea level does not fall below
the shelf break and it is due to the fact that the river
is out of grade. The role of sediment deposits in
modifying the total incision is negligible, but they
are instead important in setting the channel path
(Fig. 3b and c).

4. Fluvial incision and the transition between shelf

and coastal plains

Analysis of coastal topography shows that the
shelf slope often differs from the average slope
of the adjacent costal plains, with fundamental
consequences for channel formation on the shelf.
When the shelf slope is higher than the coastal
plain slope (Fig. 5) the river, initially at equilibrium
with the coastal plain, readjusts its profile con-
tinuously during marine regression, leading to
uniform erosion along its course (Fig. 5c–e).
When instead the shelf slope is less than the coastal
plain slope, a sea-level drop produces the forma-
tion of thick deltaic deposits at the change in
slope, where the river reduces its sediment load
to adjust to the new gradient. Deposition still
takes place at the change in slope even if the
coastline has already regressed across the shelf. The
deltaic deposits thus become fluvial fans, and the
outgoing river is at grade so that neither aggrada-
tion nor erosion takes place on the continental shelf
(Fig. 6).

We can thus summarize the different styles of
fluvial incision in continental shelves in four
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Fig. 4. Longitudinal profile of the Rappahannock River,

Virginia. The fall line represents a past sea level high stand.

During subsequent periods of lower sea level the river incised into

the coastal plain sediments to recover its equilibrium (graded)

configuration (modified after Howard et al., 1994).

0 50

Fig. 5. Establishment of fluvial channels in the continental shelf after

coastal plain and the grade of the inflowing river. The river profile is fo

uniform incision. (A) Initial conditions; (B) after 6000 yr the shelf is pr

incision is uniform, and a series of deltaic deposits form along the rive

profile; and (F) channel incision.
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categories (Fig. 7). Fluvial deposits or, in general,
shelf convexities produce an incision that is
localized and developed in a short timescale
(Fig. 7a). A river out of grade with sediment supply
less than its carrying capacity reworks its profile
producing an incision that is maximum for some
intermediate location along the river profile, but
reduced at the river mouth. These incisions will have
a knickpoint at the border with the erosion-resistant
piedmont (Fig. 7b). An increase in slope in the shelf
produces instead a uniform downcutting, with the
river maintaining its equilibrium slope (Fig. 7c).
Finally, the exposure of the shelf break gives rise to
a knickpoint that propagates upstream (Fig. 7d). It
is important to notice that an increase in the slope
of the shelf or the exposure of the shelf-slope break
sea-level regression when the shelf gradient is steeper than the

rced to translate following the decrease in base level, thus yielding

ogressively exposed to rainfall action; (C) after 14,000 yr channel

r planform; (D) sea-level curve (interval A in Fig. 3); (E) channel
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Fig. 6. Establishment of fluvial channels in the continental shelf after sea-level regression where the shelf gradient is more gentle than the

equilibrium gradient of the inflowing river. In this case, the river deposits the extra amount of sediment load at the slope break, forming

alluvial fans that increase in volume during regression. The outgoing river flowing in the shelf is at grade producing neither incision nor

aggradation. (A) Initial conditions; (B) after 6000 yrs the shelf is progressively exposed to rainfall action; (C) after 11,000 yr alluvial fans

form a the slope break, the river flowing out from the fans is at grade; (D) sea-level curve; (E) channel profile; and (F) channel incision

after 11,000 yr.
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reflect in reality the same geometrical configuration,
but with different sediment transport regimes.
Changes in the slope of the shelf are relatively mild
producing a limited incision without exposing the
underlying bedrock. The incised sediments are
relatively unconsolidated so that the river still tends
to be in transport-limited (as opposed to detach-
ment-limited) conditions. The timescale of propaga-
tion of the incision is relatively fast and the river
downcuts almost uniformly into the shelf. On the
contrary, if sea level drops below the shelf-slope
break, a deeper incision is produced that erodes into
the underlying bedrock. The high resistance of
bedrock to erosion produces a knickpoint that
propagates slowly upstream. Different styles of
incision can coexist and overlap depending on the
evolution of the river during sea-level oscillations.
As an example, we study the modality of incision of
the Po River and adjacent Adriatic Sea during a
drop in sea level.

5. Test case: the Po and the Apennine rivers, Italy

We apply our model to the Adriatic Sea to
simulate the development of rivers and related
incisions during a sea-level regression. The Adriatic
Sea is an epicontinental basin of elongated shape
connected southeast to the Mediterranean Sea
(Fig. 8a). Bottom gradients range from 0.021 in
the northern Adriatic to 0.51 along the central
Adriatic, where a remnant basin (Meso-Adriatic
depression) is located with a maximum depth of
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Fig. 7. Styles of fluvial incision of continental shelves. (A) High-

stand deposits lead to a localized incision that is proportional to

the deposit thickness. (B) A river out of equilibrium produces an

incision that is maximum for an intermediate location along the

river course; (C) an increase in slope in the shelf relative to the

river produces an uniform incision; (D) a sea level below the shelf

break triggers the formation of migrating knickpoints.
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260m (Cattaneo et al., 2003; Niedoroda et al.,
2005).

During the Last Glacial Maximum large areas of
the shelf were subaerial and dissected by rivers, and
then progressively drowned by sea-level transgres-
sion. Contrary to pericontinental margins, epiconti-
nental seas are characterized by large variations in
both basin size and coastline length during varia-
tions in sea level. For example, the northern
Adriatic experienced an eight-fold widening in
submerged area during the Late Pleistocene–Holo-
cene relative sea-level rise (Cattaneo and Trincardi,
1999). The enclosed, narrow shape of the Adriatic
Sea dictates the evolution and degree of incision of
fluvial channels in the shelf.

Herein we simulate a constant rate of sea-level
drop of 6mm/yr and we explore the consequences
for the development of the drainage network and
channel incision. The discharge and sediment load
of the Po River and Apennine tributaries is
maintained constant, for sake of simplicity, and
equal to the values reported in Milliman and
Syvitski (1992).

After a decrease in sea level of 120m, the Po
River dissects the Adriatic basin floor, flowing into
the Mediterranean Sea 500 km away from the actual
delta (Fig. 8d). Its narrow epicontinental basin
prevents the distribution of fluvial sediments over
large areas. Moreover, the Apennine rivers flowing
into the Adriatic Sea along the west coast of Italy
are easily captured by the Po River during sea-level
low stands. The capture is critical for channel
incision and sediment deposition in the shelf.

From the model results we can infer the presence
of three distinct phases in the evolution of the fluvial
system. In a first phase of regression (Fig. 8b) the Po
River produces a prograding delta that extends
from the actual delta into the Adriatic Sea. During
this phase, large volumes of sediment are deposited
at the river mouth forming convex deposits that can
be easily downcut during the subsequent drop in sea
level. When sea level decreases below the average
depth of the Northern Adriatic Sea, large shelf areas
become subaerial, affecting the river path toward
the ocean (Fig. 8c). This second phase is similar to
the situation reported in Fig. 6. The Po River
extends in a shelf tract that is relatively flat with
respect to the coastal plains in northern Italy,
therefore the river dumps sediment at the boundary
between the shelf and the coastal plain and
continues its flow to the ocean in graded conditions.
The flatness of the basin floor and the river
equilibrium give rise to a landscape with negligible
relief and probably dominated by wetlands and
shallow lakes. Fluvial incisions are only present in
the old high stand deposits, as indicated in Fig. 1
(Fig. 8c). Dissection is limited to the river depth and
the river bypasses all its sediments to the Mediter-
ranean Sea. Similarly, the Apennine rivers flow in
the flat Adriatic shelf, discharging large volumes of
sediments as soon as the shelf slope decreases (e.g.
Fig. 6). These sediments form a uniform deltaic
prism that extends to the entire eastern coast of
Italy. After discharging the excess sediment load,
the Apennine rivers are at grade, and neither
erosion nor deposition occurs.

In a third phase, all the Apennine rivers become
tributaries of the Po River, since its path extends to
the entire Adriatic shelf. The massive increase in
discharge of the paleo-Po River alters the equili-
brium of the system, leading to river downcutting.
In fact in our model the equilibrium sediment
discharge is proportional to the water discharge to
the power of 1.1 (see Fagherazzi et al., 2004),
reflecting the fact that a higher discharge carries
proportionally more sediments than a lower one.
The sediment supply is then less than the carrying
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Fig. 8. Dissection of the Adriatic shelf during sea-level regression. (A) Location of the Adriatic Sea and Po River; (B) shelf topography

after 500 yr of simulation; (C) shelf topography after 10 kyr of simulation; (D) shelf topography after 20 kyr of simulation; and (E) sea-

level curve utilized in the simulation. The rate of sea-level decrease is constant and equal to 6mm/yr.
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capacity leading to bottom erosion and incision.
This phase is similar to the configuration of Fig. 3,
with a bell-shaped distribution of incisions that
affects the entire river profile.

Simultaneously, all the Apennine tributaries
entrench in steep valleys to follow the regrading of
the paleo-Po. The landscape is completely trans-
formed with a wide and deep paleovalley produced
by the Po River and a series of parallel deep valleys
corresponding to the Apennine tributaries. These
conceptual results are in agreement with seismic
data collected in the Adriatic. Buried paleovalleys
typically 20m deep and several kilometers wide are
mostly found between 60 and 110m of water depth
(Trincardi et al., 1994; Ferretti et al., 1986).

We propose that the large erosional channels
observed in the stratigraphic record were produced
by the integration of the Apennine rivers in the Po
drainage system in the geological past. The massive
increase in discharge moved the system out of grade
thus promoting downcutting. The style of incision is
similar to the grading river of Figs. 3 and 7b, with
maximum incision for intermediate depths, as
shown in the seismic profiles. Finally, the paleo-Po
flows in the Meso-Adriatic depression during sea-
level low stand (Fig. 8d), forming progradational
wedges that are found in the stratigraphic record
(Trincardi et al., 1994).

For comparison, in Fig. 9 we report the
interpretation of a seismic profile derived from
Trincardi et al. (1994) in which fluvial incisions are
present in the stratigraphic record. At the same
location our model simulation shows the presence
of several Apennine tributaries that dissect the
Adriatic floor during sea-level low stand (Fig. 8d).
Unfortunately, the limited length of the seismic
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Fig. 9. Interpretation of the seismic profile reported in Trincardi et al. (1994). The fluvial channels are located in the top set of low stand

deltas and correlate seaward to progradational foresets. The location of the seismic profile is reported in Fig. 8.
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profile does not allow the identification of the
specific Apennine river dissecting this location,
and the presence of channel fills closely spaced
suggests the repeated avulsion of a single stream.
More stratigraphic data at a larger spatial scale
are needed to correctly understand the evolution
of fluvial incisions during sea-level cycles in the
Adriatic Sea.

The semi-enclosed characteristics of the Adriatic
basin and its low bottom gradients have been
found to be determinant for the depositional
sequence during sea-level transgression, favoring
significant landward shifts of depositional environ-
ments and thin transgressive deposits not covered
by high stand sediments (Trincardi et al., 1994).
Here we show that the same factors influence
the development of fluvial incisions during sea-level
fall, with a phase of sediment bypassing and
limited incision when large parts of the shelf are
initially exposed, and a phase of rapid incision when
the Apennine rivers are merged to the paleo-Po
river.

6. Conclusions

Through numerical simulations we have high-
lighted four different styles of fluvial incisions of
continental shelves:
�
 Convex deltaic deposits emplaced during sea-
level high stands favor a localized incision during
sea-level low stand, with the extending river
cutting through the sediment prism (Figs. 1
and 7a).

�
 A river out of equilibrium with a sediment supply

less than its carrying capacity re-grades by
downcutting the shelf sediments, thus producing
incision that is distributed along the river profile
and is maximum for an intermediate location
(Figs. 3 and 7b).

�
 An increase in shelf slope relative to the coastal

plain slope leads to a uniform incision along the
river, reflective of transport-limited conditions
(Figs. 5 and 7c).

�
 A decrease in sea level below the shelf break

produces high incisions propagating upstream
through knickpoints, reflecting detachment-lim-
ited conditions when the river reaches the
underlying bedrock or a more resistant substrate
(Figs. 2 and 7d).

The four mechanisms of incision can coexist in
the same fluvial systems at different times, depend-
ing on the morphology of the shelf and the
evolution of the rivers during sea-level oscillations.

As an example, a decrease in sea level in the
Adriatic Sea, Italy, would produce a down-slope
extension of the Po River of 500 km toward the
retreating Mediterranean Sea, with localized inci-
sions in the high stand deposits located near the
present delta, and a generalized incision caused by
the integration of the Apennine streams in the Po
River drainage system. In fact the transformation of
the Apennine rivers into tributaries of the Po creates
a disequilibrium condition for the paleo-Po River,
which led to a subsequent regrading through
downcutting and valley incision.
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