doi: 10.1111/j.1365-3121.2006.00671.x

Modelling the long-term fluvial erosion of the River Somme
during the last million years
J. Gargani,1,2 O. Stab,1 I. Cojan1 and J. Brulhet3
1

Ecole Nationale Supérieure des Mines de Paris, Paris, France; 2LGRMP, Universite´ du Maine, 72000 Le Mans, France; 3ANDRA,
Chatenay-Malabry, France

ABSTRACT
A process-based model that simulates fluvial erosion in the
River Somme Valley over the last million years is presented
here. The model takes into account lithology and climatic
influences and allows the simulating of undercapacity and
overcapacity sediment transport behaviour. The model has been
calibrated to a family of terraces within the River Somme
Valley. When matched to this field data, simulation trials
suggest that bedrock incision occurred principally from 120 to
60–40 kyr during the last climatic cycle and before the last

Introduction
Fluvial processes are controlled by
numerous parameters. In long-term
erosion, the main forcing factors are
tectonic, lithological, climatic and sealevel variations (Schumm, 1977;
Veldkamp and Tebbens, 2001). As in
other non-linear complex systems, an
apparent gradual change of an external variable may trigger a series of
responses in ﬂuvial systems due to
self-organization of the system (internal controls) (Veldkamp and van
Djike, 2000; Bogaart et al., 2003). In
the last decade, the long-term ﬂuvial
evolution and associated climatic
changes have been studied in diﬀerent
geographical areas. There are numerous archives of palaeorivers in NorthWest Europe for the last million years
(Antoine, 1994; Vandenberghe et al.,
1994; Bridgland, 2002). Palaeohydrological studies indicate that ﬂuvial
systems react strongly to climate
change due to associated complex
response dynamics in their drainage
basin (Veldkamp and van Djike,
2000).
Despite the information from ﬂuvial records being available, there are
important gaps in data concerning
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glaciation. The impact of a progressive tectonic uplift (c. 60 m
over c. 1 million years) on the River Somme has also been
studied here. Extended over a longer period of time, the
simulations suggest that 1 million years ago the profile of the
River Somme had a lower slope gradient than today, with little
relief throughout the Paris Basin.
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long-term (c. 100 ka–1 Myr) ﬂuvial
evolution. The discontinuity of the
ﬂuvial system archives is due to lack
of data following erosion and nondeposition. Fluvial erosion has been
documented in diﬀerent periods during the last climatic cycle in NW
Europe
(Antoine,
1994;
Vandenberghe et al., 1994; Antoine et al.,
1994, 2000; Pastre et al., 2000; Van
Huissteden et al., 2001; Fig. 1).
Nevertheless, the ﬂuvial evolution is
not precisely understood because of
the superimposition of internal and
external controls and also of the
diﬃculty to obtain precise river deposits dating. How can we understand
long-term ﬂuvial river evolution when
only discontinuous ﬁeld data are
available? How can we quantify tectonic uplift when this uplift is low and
no structural evidence of ground
deformation actually exists?
The Ôbiogeoprospective projectÕ initiated by ANDRA (National Radioactive Waste Management Agency)
aims at providing a better understanding of the past environmental change,
to predict environmental evolution.
Such a prediction should be made by
bringing together climate and geomorphological modellers and specialists
from various palaeo-ecological disciplines. This study is part of this
project, focusing on long-term river
erosion modelling. The aim of this
paper is to enhance our comprehension of the processes controlling the
ﬂuvial response to climatic changes; it

is also to understand the struggle
between forcing factors with precise
time control. To facilitate comparison
between internal and external controls, we will develop a ﬂuvial system
model, based on simpliﬁed climatic,
tectonic and sea-level inputs. To gain
quantitative insight into the validity of
the simulated system dynamics, we
have calibrated the model on the
Somme settings.

The River Somme
The River Somme ﬂows in a small
valley situated in the north of France,
characterized by a drainage basin of
c. 5800 km2 and has developed on an
homogeneous chalk bedrock of upper
Cretaceous age (Fig. 2) (Mégnien,
1980; Antoine, 1994). From the present coastline to the Greenwich deep,
the river incised Tertiary sands and
clays. Downstream from the Greenwich deep, the river ﬂowed over Jurassic limestone when the Channel
emerged at a time of low sea level
(Lericolais, 1997; Antoine et al.,
2000).
Within the Paris Basin, the quantiﬁcation of the uplift rates is often
based on the ﬂuvial terraces, similar to
the Maas or Thames Valleys. The
well-documented terrace system of the
River Somme (Fig. 3) (Commont,
1910; Bourdier, 1969; Sommé et al.,
1984; Antoine, 1994) and the dating of
these ﬂuvial records (Fig. 4) (Bates,
1993; Laurent et al., 1994; Antoine
 2006 Blackwell Publishing Ltd
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Fig. 1 Synthesis of erosion phases in NW Europe during the last climatic cycle
(Antoine et al., 1994; Antoine, 1994; Vandenberghe et al., 1994; Van Huissteden
et al., 2001). Comparison with a normalized insolation curve calculated at 65N
(from Berger and Loutre, 1991).

et al., 2000) oﬀer a good opportunity
to compare the model with ﬁeld data.
It constitutes a relatively well-preserved record of ﬂuvial evolution over
the last million years. The ﬂuvial
terraces of the Somme have been
identiﬁed only in the downstream
part, between the present coastline
and Amiens. For this reason, it is
not easy to oﬀer a complete geometric
proﬁle for the palaeo-River Somme.
The Somme ﬂuvial terrace geometry
was interpreted by Antoine (1994), as
the result of an homogeneous uplift of
the valley. The homogeneity of the
uplift not only in time, but also in
space, has been contested (Van Vliet
Lanoe et al., 2000). Nevertheless, the
55–60 m Myr)1 uplift rate proposed
by Antoine et al. (2000) for the
Somme Valley is of the same order
as the 70–100 m Myr)1 non-homogeneous uplift rate of the Thames
Valley (Maddy et al., 2001) and the
70 m Myr)1 uplift rate of the Maas
valley in the Ardennes (Tebbens et al.,
2000). Uplift is often considered an
important ingredient in terrace formation and is a well-documented
phenomenon (Jones et al., 1999;
Schumm et al., 2000).
The tectonic deformation of the
Paris Basin during the last few million
years is not highly signiﬁcant and is
generally expressed as a uniform up 2006 Blackwell Publishing Ltd

lift. Some faults are parallel to the
present coastline in this area (Antoine
et al., 2000) and to the northern
French coastal cliﬀs. However, there
is also a currently active fault parallel
to the Somme Valley (Goﬀé et al.,
1998). Quaternary marine terraces
have been observed in Sangatte (Balescu et al., 1992) and also in other
parts of the current French northern
coastline (Antoine et al., 1998, 2000).

Processes and field data
During the last climatic cycle, many
periods of erosion appear to have
taken place in NW Europe, based on
ﬁeld evidence (Fig. 1) (Pastre et al.,
2000; Van Huissteden et al., 2001).
The last 20 ka were thoroughly studied (Pastre et al., 2000), however, it is
more diﬃcult to obtain accurate data
for the previous periods (120–20 ka).
During Marine Isotope Stage 3, ﬂuvial
evolution did not generally produce a
clear response to climatic change.
During Stage 3, phases of aggradation
occurred, however, the period of
maximum aggradation varied between
sites in Northern Europe (Van
Huissteden et al., 2001). In several
sites, the earliest Marine Isotope Stage
3 deposits are also lacking and an
incision phase of Hengelo interstadial
age was found in the Netherlands

(Van Huissteden et al., 2001). Marine
Isotope Stage 4 was mainly a time of
intensiﬁed ﬂuvial incision in Northern
Europe. This incision is more pronounced in NW Europe than in NE
Europe (Van Huissteden et al., 2001).
The precise evolution at a time-scale
of 120–20 ka is unclear because of
the lack of information. Nevertheless,
the main periods of ﬂuvial incision
of the bedrock of the Somme probably happened during the early glacial
phases (Antoine, 1994) (Fig. 1).
The long-term climatic control of
ﬂuvial evolution is one of the most
evident, however, it is also one of the
more diﬃcult long-term processes to
model, because of the lack of data
used to quantify ﬂuvial dynamic
parameters (e.g. water discharge or
sediment supply). Not all long-term
river modelling studies take this point
into account. Despite uncertainties,
some information can be extracted
from physical processes. The most
important impact of long-term climatic variations on ﬂuvial systems is
the evolution of water and sediment
ﬂux over time (Veldkamp and Tebbens, 2001). Previous studies considered that water discharge was greater
during interglaciation periods than at
other times because the rainfall rate
was higher (Veldkamp and Tebbens,
2001). Nevertheless, to quantify the
water discharge, it is necessary to take
into account the rainfall as well as the
evapotranspiration and inﬁltration. It
is therefore necessary to more precisely analyse the evolution of water
discharge over time and to quantify
the consequences of changes in water
and sediment ﬂux.
The water ﬂux Q depends on rainfall R, inﬁltration I, evapotranspiration EVT and snow storage Nsnow:
Q ¼ R  I  EVT  Nsnow :

ð1Þ

If rainfall is more signiﬁcant during
warmer periods than during colder
ones (Guiot et al., 1989), inﬁltration
and evapotranspiration are also more
signiﬁcant. During interglacials or relatively warm periods, the subsoil is
highly permeable and most runoﬀ will
occur subsurface. During glacial or
relatively cold periods, the subsoil is
frozen for part of the year and is no
longer capable of massive subsurface
ﬂow. Most run-oﬀ will occur as overland ﬂow and in more intense events.
119
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Fig. 2 Location map of the River Somme (from Antoine et al., 2000). The Paris Basin is in the area C.

It is then necessary to more precisely
quantify inﬁltration and evapotranspiration, to simulate the variations of
the river ﬂow during a climatic cycle.
Evapotranspiration can be calculated for NW Europe as a function of
rainfall R (mm yr)1) and mean annual
temperatures T (C) by the equation
proposed by Bogaart and van Balen
(2000):
R
EVT ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:9 þ ðR=LÞ2

ð2Þ

with
L ¼ 300 þ 25T þ 0:05T 2 :
During an interglacial period in NW
Europe, the rainfall was around
1000 mm yr)1 and the mean annual
temperature is estimated between 10
120

and 15 C (Guiot et al., 1989; Fauquette et al., 1999). Under these conditions, the EVT is around 490–
580 mm yr)1. Considering that the
inﬁltration in the Paris Basin during
interglacial periods was equivalent to
the present inﬁltration rate of
200 mm yr)1 for a rainfall of
1000 mm yr)1, the value of the water
ﬂux Q was of 200–300 mm yr)1.
During the last glacial period in
NW Europe, the mean rainfall was
around 500 mm yr)1 (Guiot et al.,
1989; Fauquette et al., 1999). If we
consider during this time a mean
annual temperature of 5 C, the calculated EVT is of 330 mm yr)1. Considering that inﬁltration was negligible
during this period, we obtain a possible water ﬂux Q of 170 mm yr)1.
This value is of the same order as the

water ﬂux calculated for warmer
periods.
Nevertheless, ﬂuvial processes are
not controlled by mean annual ﬂux
but by ÔcharacteristicÕ water ﬂux,
depending on the maximum water
ﬂux (Pomerol and Renard, 1997; Gargani, 2004a). Peak discharges that
signiﬁcantly modify the morphology
of the valley are not proportional to
rainfall for the last climatic cycle for
NW Europe. During glacial periods in
winter, the climatic conditions were
favourable to snow storage and water
ﬂux were probably very small. The
water ﬂux then increased during glacial periods in spring or summer, due
to the snow melting. On the other hand,
during NW Europe interglacial periods, the water ﬂux was distributed in a
more homogeneous way throughout
 2006 Blackwell Publishing Ltd
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Fig. 3 Main geometrical feature of the River Somme: proﬁle, terraces between
Abbeville and Amiens, bedrock, relief and lithological changes (Alduc et al., 1979;
Antoine et al., 2000). The coast is at the distance 0 km. Age of ﬂuvial terraces are
given in Fig. 4.
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Fig. 4 Age of the ﬂuvial terraces of the Somme (Laurent et al., 1994; Antoine et al.,
2000; Van Vliet Lanoe et al., 2000). Elevation of the ﬂuvial records are those observed
at Amiens (Antoine et al., 2000).

the year. In conclusion, a ÔcharacteristicÕ water ﬂux would decrease during
warming periods (from glacial to
interglacial periods) and increase during cooling periods (from interglacial
to glacial periods). This is in agreement with Rotnicki’s results (1991),
which demonstrate the reduction of
the Prosna river water discharge for
the last 12 kyr (Poland). The water
ﬂux also decreased in NW China over
 2006 Blackwell Publishing Ltd

the same time period (Poisson and
Avouac, 2004).
If we now check the sediment
supply evolution over time, ﬁeld data
suggest that sediment supply increased under colder climatic conditions, due to gelifraction, soliﬂuxion,
eolian activity and the diminution of
vegetal cover (Antoine, 1994; Antoine
et al., 2000). Freeze–thaw cycles weaken the soil and riverbank strength.

Various equations have been used for
modelling erosion processes: the mass
conservation equation (Culling, 1960),
the stream power equation (Howard
et al., 1994), the universal soil loss
equation and the Water Erosion Prediction Project (Nearing and Nicks,
1998).
As the mass conservation equation
has been used in numerous studies
(Culling, 1960; Begin et al., 1981; Willgoose et al., 1991; Pelletier and Turcotte, 1997; Allen and Densmore, 2000)
and is a well-established physical model, we chose to use it as a base for our
simulation. There is ample literature on
the diﬀerent applications of this equation and on the analytical and numerical methods to solve it (Carslow and
Jaeger, 1959). The theoretical basis of
the continuity equation oﬀers the ability to study the inﬂuence of the secondorder processes such as the lateral mass
supply (Begin et al., 1981), the relationship between tectonics and network distribution (Willgoose et al.,
1991), the autocyclic dynamics in ﬂuvial sedimentary basin (Pelletier and
Turcotte, 1997), the variations of sediment ﬂow in response to the climatic
variations (Veldkamp and van Djike,
2000) and the relationship between
ﬂexural isostasy and deep incision
(Gargani, 2004b).
The mass conservation equation
can be written:
dzðx; tÞ dqs ðx; tÞ
¼
þ Bðx; tÞ
dt
dx

ð3Þ

where qs is the sediment ﬂux per unit
width, z the altitude of the river
bedrock, t the time, x a longitudinal
distance and B(x,t) is the lateral mass
supply.
One of the main questions in modelling long-term river evolution is the
way to simulate the sediment ﬂux qs.
Various forms of the sediment ﬂux
have been tested for the modelling of
121
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erosion. Each form seems to be
appropriate to the simulation of
speciﬁc features of rivers and hillslopes.
The simple form of the sediment
ﬂux is a consequence of the observation that sediment ﬂux is proportional
to the slope S:
qs ðx; tÞ ¼ k1 S:

ð4Þ

This hypothesis has often been used
not only to model hillslope (Willgoose
et al., 1991), but also to model river
erosion (Begin et al., 1981).
Nevertheless this method is not
appropriate here because it does not
take the inﬂuence of the water ﬂux on
river evolution into account. This
approach cannot simulate precisely
the processes controlling erosion and
cannot describe the river evolution
when erosion is limited by the sediment transport capacity or limited by
the abrasion capacity of the ﬂow.
Three other hypotheses have been
oﬀered for sediment ﬂux modelling.
We will now brieﬂy present these
hypotheses and their consequences.
The ﬁrst takes into account the impact
of the water ﬂux by unit width q on
ﬂuvial erosion, in addition to the slope
(Willgoose et al., 1991):
qs ðx; tÞ ¼ k2 qðx; tÞS:

ð5Þ

qeq
s ¼ k2 qðx; tÞS, the model can be
simply written (Kooi and Beaumont,
1994):
dzðx; tÞ
dz
¼ k3 q :
dt
dx

This useful approach is unfortunately
not appropriate to model large sediment transport, as expected during the
glacial times, because sediment ﬂux qs
must be small (qs << qeq
s ).
The third assumes that the spatial
variation of the sediment ﬂux is proportional to the diﬀerence between the
steady state of the sediment ﬂux and
the sediment ﬂux:
dqs
qs
¼ k4 eq ðqeq
s  qs Þ:
dx
qs

ð9Þ

This assumption leads to a ﬂuvial
erosion model which is able to take
into account the consequences of an
overcapacity situation of the sediment
into the water ﬂux (Sklar and Dietrich, 2001; Van der Beek and Bishop,
2003):
dzðx; tÞ
qs
¼ k4 qs ð1  eq Þ:
dt
qs

ð10Þ

This approach has the advantage of
allowing to obtain an equation which
is easier to solve, however, under a
restrictive and physically unclear con-

Under this hypothesis, the mass conservation equation can be written:

qðx; tÞ ¼ qðxÞqðtÞ ¼ bqðxÞ ¼ qðxÞ:
ð11Þ
We made the assumption that time
and spatial variations can be modelled
independently for the water ﬂux per
unit width and for the sediment supply, these being a characteristic of the
ﬂuvial system considered and of the

1

Normalised insolation
B(t + 1)/qw(t)
B(t + 5)/qw(t)

0.9

d2 zðx; tÞ dqðx; tÞ dzðx; tÞ
¼ k2 qðx; tÞ
þ
dx2
dx
dx
þ Bðx; tÞ:

#

0.7

ð6Þ

The second considers that the variation over time of the sediment ﬂux is
proportional to the diﬀerence between
the sediment ﬂux qs and the steady
state of the sediment ﬂux qeq
s (Kooi
and Beaumont, 1994):
dqs 1 eq
¼ ðqs  qs Þ:
dt
ts

0.8

ð7Þ

This approach allows to obtain an
equivalent of the stream power equation (Howard et al., 1994; Montgomery, 1994). Starting with the mass
conservation equation, in the case of
a detachment limited or undercapacity
condition (qs << qeq
s ) and considering that the sediment ﬂux at the
equilibrium state can be simulated by

0.6
%

dzðx; tÞ
dt "

122

ð8Þ

dition on the spatial evolution of the
sediment ﬂux, without oﬀering an
explicit form of the sediment ﬂux.
The erosion model depends on the
law adopted for the sediment ﬂux. We
will take the model proposed in Eq.
(6). This model is able to take into
account the slope, the water discharge
per unit width, the lithology and the
sediment supply variations because of
the hypotheses done on the sediment
ﬂux. One must also choose how to
simulate these parameters. For longterm river erosion, one must take into
account the time and spatial variations of these parameters.
Many studies consider only spatial
variations without taking into account
time variations. They implicitly make
the hypothesis that spatial variations
are independent from time variations,
modelling only the spatial variations
for the water ﬂux per unit width for
the long term:
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Fig. 5 Inﬂuence of the lag of time (1–5 ka) between normalized water discharge per
unit width q(t) and lateral sediment ﬂux B(t) on erosion and sedimentation phases. In
the example, the spatial threshold, depending on spatial conditions, has been chosen
at )Ts ¼ 0.17. Erosion will happen only if B(t)/q(t) has a value less important of 0.17.
This condition is veriﬁed, in this speciﬁc example, only for some lag of time between
q(t) and B(t) comprised between 3 and 5 ka.
 2006 Blackwell Publishing Ltd
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general climatic evolution of NW
Europe respectively. We propose to
write these ﬂuctuation as the product
of two terms, one dependent on space,
the other on time:
qðx; tÞ ¼ qðxÞqðtÞ

ð12Þ

Bðx; tÞ ¼ BðxÞBðtÞ:

ð13Þ

q(t) and B(t) can be seen as percentage
function oscillating in [0,1]. From Eq.
(6) and considering conditions (12)
and (13), we obtain:

þ BðxÞBðtÞ:

ð14Þ

There is erosion when dz/dt < 0. This
is equivalent to:
"
#
k2
d2 zðx; tÞ dqðxÞ dzðx; tÞ
qðxÞ
þ
dx2
dx
dx
BðxÞ
þ

BðtÞ
<0
qðtÞ

1
Insolation
B(t)/q(t), 1 ka delay for B(t)
B(t)/q(t), 3 ka delay for B(t)
B(t)/q(t), 5 ka delay for B(t)

Threshold impact

0.8
% Normalized insolation

dzðx; tÞ
¼ k2 qðtÞ
dt
"
#
d2 zðx; tÞ dqðxÞ dzðx; tÞ
þ
qðxÞ
dx2
dx
dx

supply, and aQ, bQ, aA, bA, aB, aw,
bw, aQb, bQb empiricals parameters to
be calculated for each speciﬁc river.
Using Eqs (17)–(21), we can write
the spatial variations of the water ﬂux
per unit width q(x):

dA
ð21Þ
dx
where Q is the water ﬂux, A the
drainage area, x the distance to
the source, w the river width, Qb the
bankfull discharge, B the sediment
B ¼ aB
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Fig. 6 Inﬂuence on time simulation of the thresholds on water discharge per unit
width and sediment supply.

qðtÞ > 0:
2

Modelling spatial variations
The term representing the spatial evolution in Eq. (15) is:
"
#
k2
d2 zðx;tÞ dqðxÞ dzðx;tÞ
qðxÞ
þ
:
Ts ðxÞ¼
BðxÞ
dx2
dx
dx
ð16Þ
Erosion depends on the geometrical
and hydrological characteristics that
are described by this term.
The spatial variations of hydrological
parameters can be simulated simply
by using standard relations (Montgomery, 1994; Knighton, 1998):
Q ¼ aQ AbQ

1.5

q(t)

B(t)/q(t)

0.5

ð17Þ
0

A ¼ aA x

bA

ð18Þ

w ¼ aw Qbbw

ð19Þ

Qb ¼ aQb QbQb

ð20Þ

 2006 Blackwell Publishing Ltd
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Fig. 7 Inﬂuence on time simulation of the thresholds on water discharge per unit
width and sediment supply. In the case of large thresholds, time simulation can be
modiﬁed importantly and produce non-linear eﬀect. The time lag is of 5 kyr. The
threshold is 10% of the value of the water discharge.
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qðxÞ ¼

Modelling climatic variations

1bw bQb bQ ð1bQb bw Þ
aA
w
aw abQb

aQ

x

bA bQ ð1bQb bw Þ

and the sediment supply B(x):
BðxÞ ¼ aA aB bA  xbA 1
as function of x is necessary to solve
Eq. (15).

We consider that characteristic ﬂuctuations of water ﬂux and sediment
supply represent the main features of
climatic changes able to modify signiﬁcantly the river dynamics. We assume that the time lag between water
ﬂux and sediment supply is one of the
main causes of erosion (Bogaart et al.,
2003).
The dependence on climatic changes is described by the term B(t)/q(t) in
Eq. (15). This term is always positive.
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Fig. 8 Simulation of sea-level variation using the insolation curve. Comparison with
the 18O proxy. The time lag between the 18O proxy and the insolation curve is of 4 ka.
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Fig. 9 Hypothesis 1: the initial proﬁle is a plateau and there is no uplift (same as for
Fig. 3).
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There is erosion only if B(t)/q(t) <
)Ts where Ts represents the spatial
control deﬁned in Eq. (16) resulting
from geometrical and hydrological
parameters.
We assume that the characteristic
water discharge per unit width and the
sediment supply time variations q(t)
and B(t) can be simulated using the
insolation signal (or alternatively by a
d18O curve). Insolation is the energy
delivered from the Sun on Earth
due to the variations of the astronomical parameters. It can be considered
as one of the main factor inﬂuencing
climatic change in the long term.
Considering that the characteristic
water discharge per unit width and the
sediment supply increase during cold
periods, and that there are a diminution of these two parameters when
climate is warmer, we simulate their
evolution using a speciﬁc linear transformation for each input parameter of
the insolation curve of Berger and
Loutre (1991), calculated at 65N,
normalized for the last million years.
The variation of the characteristic
water discharge per unit width changes in the opposite way to the normalized
insolation
curve.
We
calculated the term B(t)/q(t) for different lag of time between characteristic water discharge per unit width
and sediment supply (Fig. 5). These
numerical experiments show that various periods of time, favourable to
erosion or sedimentation happened
during the last climatic cycle with a
duration and an amplitude depending
on the time lag.
The time lag between insolation
curve and sea-level change adopted
in previous such simulations is 1 kyr
(Veldkamp and van Djike, 2000;
Veldkamp and Tebbens, 2001). Bogaart and van Balen (2000) considered a
time lag of 5 kyr between water discharge and sediment supply. The
existence of a time lag is the consequence of the diﬀerent reaction time
for each physical system in response to
astronomic change (Shakleton et al.,
1990). We assume that changes for the
water ﬂux are synchronous with insolation curve and happened before
those of sediment supply. Veldkamp
and van Djike (2000) also assumed
that the insolation may describe the
variation of water ﬂux, sediment supply and sea-level change, but assuming
another time lag.
 2006 Blackwell Publishing Ltd
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discharge per unit width no erosion
occurs, (2) the fact that a saturation of
the protection capacity by the vegetation cover happens for a very high
density of vegetation, and (3) the fact
that once the lack of vegetation cover
occurred under extreme glacial conditions, there was no further increase in
hillslope erosion rate (considering the
vegetation cover as the main process
in hillslope erosion protection).

It is obvious that the climatic simulation that we propose is a simpliﬁcation of the many parameters
inﬂuencing the climatic impact
(Fig. 8). Nevertheless, our approach
is also able to consider other consequences of the complex impact of
climatic change using a threshold in
the normalized time variation of q(t)
and B(t) (Figs 6 and 7): (1) the fact
that under a critical value of the water
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Fig. 10 Hypothesis 1: the initial proﬁle is a plateau and there is no uplift. Lines
represent real terraces and modelled terraces are represented by symbols.
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Fig. 11 Hypothesis 2: the initial proﬁle is parallel to the present one and there is
60 m Myr)1 of homogeneous uplift in the region upstream to the present coast line
(same as for Fig. 3).
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Application to the River Somme
The spatial variation of hydrodynamic
parameters aQ, bQ, aA, bA, aw, bw, aQb,
bQb and aB have been determined
speciﬁcally for the River Somme in
its present state using present hydrological values.
The lithology of the River Somme
Valley is homogeneous. We modelled
the lithology variations, using the
coeﬃcient k2 of Eq. (6). For Cretaceous chalk and limy facies downstream to the Greenwich deep, we
assume that k2 ¼ 1000, whereas for
the Tertiary sand and clays we consider that k2 ¼ 9000. The quantiﬁcation
of the coeﬃcient k2 is arbitrary. Only
the relative value of this coeﬃcient
between two diﬀerent lithologies describes the diﬀerence of bedrock resistance to ﬂuvial erosion.
Simulation experiments and results
Based on the model presented above,
we tested three hypotheses for the
initial proﬁle of the River Somme,
corresponding to the possible state of
the river, 1 million years ago:
1 One million years ago, there was an
existing relief (a small plateau). No
uplift occurred during the last million years (Fig. 9).
2 One million years ago, the longitudinal proﬁle of the Somme was
parallel to the present one. A
homogeneous uplift occurred at a
rate of 60 m Myr)1 for the last
million years for the Somme valley,
upstream of the present coastline.
3 One million years ago, the longitudinal proﬁle of the Somme was
subhorizontal without escarpment.
An uplift of 60 m Myr)1 took place
in the last million years, upstream
of the present coastline.
Considering the ﬁrst hypothesis, the
simulated evolution of the longitudinal proﬁle is not compatible with ﬁeld
data because of the high variation of
the incision rate during the last million
years for the simulated river. Indeed,
whereas ﬁeld terraces indicate a regular incision for the last million years,
terraces simulated under this hypothesis predict a rapid incision during the
ﬁrst 300 kyr and were followed by an
abrupt decrease of the incision rate of
the valley (Figs 9 and 10). Furthermore, the slope of the simulated
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to compare our simulation results
with ﬁeld data. Nevertheless, simulated terraces in the upstream part incise
in the same proportion to those in the
downstream part, whereas the real
valley is more incised downstream
than upstream.
Considering the third hypothesis,
the evolution in time of the simulated
longitudinal river proﬁle is also com-

longitudinal proﬁle is diﬀerent from
the slope of the real ﬂuvial terraces.
Considering the second hypothesis,
the evolution in time of the simulated
terraces is compatible with ﬁeld data
in the downstream part, however, with
a slightly steeper slope than for real
terraces (Figs 11 and 12). In the upstream part, there is no published data
on ﬂuvial records, so it is impossible
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Fig. 12 Hypothesis 2: the initial proﬁle is parallel to the present one and there is
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Lines represent real terraces and modelled terraces are represented by symbols.
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Fig. 13 Hypothesis 3: the initial proﬁle is subhorizontal without initial escarpment
and there is 60 m Myr)1 of homogeneous uplift in the region upstream to the present
coast line (same as for Fig. 3).
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patible with ﬁeld data in the downstream part (Figs 13 and 14). We can
see that the simulated terraces ﬁt the
real terraces. For example, simulated
terrace of age c. 600 ka feet the real
terrace of age 600 ka with an accuracy
of ±10 m. In the upstream part, there
is a diminution of the incision of the
simulated valley: simulated terraces
converge in the upstream part.
This simulation satisﬁes the principal
features of the real valley.
Under these initial conditions we
studied the simulation in more detail
to determine the main periods of
bedrock incision. We are also able to
oﬀer a deﬁnitive age for the maximum
incision for the area of Abbeville. For
the last climatic cycle, the simulation
predicts that ﬂuvial erosion aﬀects
principally the bedrock, during the
beginning of the climatic cycle in the
Abbeville area (Fig. 15). The maximum incision happened between 60
and 40 kyr. After this phase, the
conditions for erosion were not satisﬁed and sedimentation may have
aﬀected the river.

Discussion and conclusion
The numerical model presented shows
the response of a river proﬁle to
climate changes in the case of a
moderate uplift for the last climatic
cycle. The simulation predicts that
erosion occurs, when climatic conditions are able to produce speciﬁc
hydrological conditions (high water
discharge per unit width and limited
sediment supply). The time lag between water discharge and sediment
supply is a critical mechanism in the
process and is certainly one of the
major causes of erosion over a timescale of 1–100 kyr for NW Europe
ﬂuvial system. The modiﬁcations involved by non-linear reaction of river
to climate change play an important
role, as suggested by the numerical
experiments. The simulation predicts
that the maximum erosion during the
last climatic cycle was between 120
and 60 or 40 kyr due to climateinduced changes and not during the
maximum glaciations. This result conforms to the interpretation of ﬁeld
data (Antoine, 1994). Sea-level change
has not had a signiﬁcant inﬂuence on
the River Somme over these same
periods because there is no signiﬁcant
break of slope in the River Somme
 2006 Blackwell Publishing Ltd
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time for the diﬀerent physical systems.
Nevertheless, there is presently no
indication for a precise time lag representative for the last climatic cycle.
However, such a detailed modelling
approach would require additional
data and model applications on a
diﬀerent time-scale, which is beyond
the scope of the present paper, but
may be the subject of further studies.
On a long time-scale (c. 1 Myr), the
tectonic uplift is the main control of the
incision rate in the Paris Basin. A
simulated uplift rate of 60 m Ma)1 is
compatible with ﬁeld data for the River
Somme. This value is in line with the
rates obtained for the Ardennes
(Veldkamp and van Djike, 2000) and
a little smaller than for the Seine
(Gargani, 2004a). Numerical experiments suggest that 1 million years ago,
the River Somme certainly had a subhorizontal longitudinal proﬁle, with
little relief throughout the Paris Basin.
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longitudinal proﬁle. Nevertheless, the
curve used to model the sea-level
change may inﬂuence the results in
cases where a break of slope exists in
the longitudinal river proﬁle.
This simpliﬁed model does not take
directly into account the possible
modiﬁcations over time of the drainage area. Nevertheless, in a ﬁrst
approximation, the spatial hydrological features can be considered independent of time because there is no
 2006 Blackwell Publishing Ltd

signiﬁcant modiﬁcation of the ﬂuvial
network such as a capture in the
speciﬁc case of the River Somme.
Improvements to this approach can
be made by using more detailed process-based models with more precise
and numerous input parameters. The
quantiﬁcation of the time lag has to be
studied more precisely. The time lag is
certainly not superior to 5 kyr because
of the duration of major climatic
variations and the possible reaction
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1994. Réponse des environnements aux
climats du début glaciaire Weichselien:
données de la France du Nord-Ouest.
Quaternaire, 5, 151–156.
Antoine, P., Lautridou, J.-P., Somme, J.,
Auguste, P., Auﬀret, J.-P., Baize, S.,
Clet-Pellerin, M., Coutard, J.-P., Dewolf, Y., Dugue, O., Joly, F., Laignel,
B., Laurent, M., Lavolle, M., Lebret, P.,
Lecolle, F., Lefebvre, D., Limondin-

127

Long-term river erosion modelling • J. Gargani et al.

Terra Nova, Vol 18, No. 2, 118–129

.............................................................................................................................................................
Lozouet, N., Munaut, A.-V., Ozouf,
J.-C., Quesnel, F. and Rousseau, D.-D.,
1998. Les formations quaternaires de la
France du Nord-Ouest: limites et corrélations. Quaternaire, 9, 227–241.
Antoine, P., Lautridou, J.P. and Laurent,
L., 2000. Long-term ﬂuvial archives in
NW France: response of the Seine and
Somme rivers to tectonic movements,
climatic variations and sea level changes.
Geomorphology, 33, 183–207.
Balescu, S., Lamothe, M. and Lautridou,
J.P., 1992. Luminescence evidence for
two middle Pleistocene interglacial
events at Tourville, Northwestern
France. Boreas, 26, 61–72.
Bates, M.R., 1993. Quaternary aminostratigraphy in northwestern France.
Quatern. Sci. Rev., 12, 793–809.
Begin, Z.B., Meyer, D.F. and Schumm,
S.A., 1981. Development of longitudinal
proﬁles of alluvial channels in response
to base-level lowering. Earth Surf. Proc.
Land., 6, 49–68.
Berger, A. and Loutre, M.F., 1991.
Insolation values for the climate of the
last 10 million years. Quatern. Sci. Rev.,
10, 297–317.
Bogaart, P.W. and van Balen, R.T., 2000.
Numerical modeling of the response of
alluvial rivers to Quaternary climate
change. Global Planet. Change, 27,
147–163.
Bogaart, P.W., Tucker, G.E. and de Vries,
J.J., 2003. Channel network morphology
and sediment dynamics under alternating periglacial and temperate regimes:
a numerical simulation study. Geomorphology, 54, 257–277.
Bourdier, F., 1969. Etude comparée des
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2000. Evolution néogène et quaternaire
de la Somme, une ﬂexuration tectonique active. CR Acad. Sci., 331,
151–158.
Vandenberghe, J., Kasse, C., Bohncke, S.
and Kozarski, S., 1994. Climate-related
river activity at the Weichselian–Holocene transition: a comparative study of

 2006 Blackwell Publishing Ltd

the Warta and Maas rivers. Terra Nova,
6, 476–485.
Veldkamp, A. and van Djike, J.J., 2000.
Simulating internal and external controls
on ﬂuvial terrace stratigraphy: a qualitative comparison with the Maas record.
Geomorphology, 33, 225–236.
Veldkamp, A. and Tebbens, L.A., 2001.
Registration of abrupt climate changes
within ﬂuvial systems: insights from

numerical experiments. Global Planet.
Change, 28, 129–144.
Willgoose, G., Bras, R.L. and RodriguezIturbe, I., 1991. A coupled channel
network growth and hillslope evolution
model (1. Theory). Water Resour.
Res., 27, 1671–1684.
Received 5 January 2005; revised version
accepted 20 January 2006

129

