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Abstract
A geometric reconstruction of the present day Messinian Rhone valley shows two slope breaks. After taking into account the
post-Messinian tectonics and Messinian isostatic compensation due to deep valley incision and Mediterranean Sea unloading, these
two slope breaks were still visible on the reconstructed original Messinian Rhone proﬁle. One is located on the Cevennes fault
system and the other one is downstream of St-Marie. The slope of the ante-Messinian proﬁle was approximately 0.05%.
The Messinian Rhone proﬁle was simulated using a numerical erosional model based on mass conservation. The Messinian proﬁle
cannot be explained only by variations of erosional processes such as lithology or changes in discharge, and one has to consider that
the Messinian crisis happened in two phases. The proﬁle of the Rhone was in steady state just after the ﬁrst Messinian phase of
lowering.The amplitude of the sea level lowering is around 600 m for the ﬁrst phase, whereas the amplitude of the second one is
1300–1700 m. The isostatic deformation during the Messinian crisis due to bedrock erosion and sea unloading produced important
changes in the Mediterranean dynamic.
r 2004 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction
The important dimension of the Messinian Rhone
canyon is a fundamental element in understanding the
evolution of the Mediterranean Sea. The origin of the
Messinian salinity crisis is a question that has given rise to
controversy: Tectonic (Rouchy, 1981; Krijgsman et al.,
1999) or eustatic controls (Cita, 1973; Clauzon, 1982) have
been proposed. The Messinian salinity crisis occurred over
a period of 450–630 ky [5.8–5.32 million years BP
(Baumard, 2001), 5.96–5.33 million years BP (Krijgsman
et al., 1999)]. It left deep incision proﬁles in the main rivers
ﬂowing into the Mediterranean Sea (Fig. 1).
The lowering of the Mediterranean Sea during the
Messinian crisis has been estimated at 500–1000 m
(Mauffret, 1979; Durand Delga, 1980), 1500 m
(Schlupp, 2001), 2500 m by several authors (Le Pichon
et al., 1971; Ryan and Cita, 1978; Clauzon, 1982), and
3000 m (Malinverno et al., 1981). The large amplitude of
the erosion and the well-deﬁned chronology of the
Mediterranean lowering make it a unique example for
testing erosional models on ﬂuvial systems. But the
precise history of the Mediterranean sea is always an
unresolved question.
E-mail address: julien.gargani@ensmp.fr (J. Gargani).

This study is based on a precise reconstruction of the
Messinian Rhone valley over a large region, taking into
account post-Messinian tectonic and isostatic deformation due to the important incision and to sea unloading.
The resulting paleoproﬁle is used to explore the
genesis of the Messinian Rhone valley. An erosion
model is applied in order to assess the pre-Messinian
Rhone valley and to quantify the erosion during the
Messinian crisis.

2. Messinian Rhone proﬁle
2.1. Present day geometric reconstruction
The present day river proﬁle used in this study is a
reconstruction of the paleovalley of the Messinian
Rhone from Lyon to the Mistral drilling (B350 km)
based on seismic data, drilling data and ﬁeld observations. The width of the studied area varies from 35 km
near Lyon to 146 km near Sainte-Marie de la Mer. The
paleovalley has been reconstructed with the geological
model gocad (Figs. 2 and 3) (Colson et al., 2000).
The 3D geometric reconstruction was used to build a
proﬁle of the Messinian Rhone River (Fig. 4). The
obtained proﬁle shows two main slope breaks whereas
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Fig. 3. Present day geometric reconstruction of the Messinian Rhone
valley. Detail (Colson et al., 2000).
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Fig. 1. Pliocene deposits of the Messinian Rhone valley, France (from
Ballesio, 1972). Grey: Pliocene ﬁlling. Crosses: Granit basement.
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Fig. 4. Present day reconstructed proﬁle of the Messinian Rhone river
and ante-Messinian proﬁle by Colson 2000. Comparison with the
results of Clauzon 1982. The results of Clauzon are not presented with
the present altitudinal referential. (He supposed that the slope of the
initial proﬁle is 0.05%. From the amplitude of the Messinian incision,
he reconstructed the Messinian Rhone proﬁle).

the former proﬁle published based on less control points
had only one (Clauzon, 1982). Other smaller differences
in the thalweg elevations result from the density of
information taken into account.
2.2. Influence of post-Messinian tectonics
Fig. 2. Present day geometric reconstruction of the Messinian Rhone
valley. Light to dark gray: decreasing altitude (Colson et al., 2000).

Firstly, the inﬂuence of the post-Messinian deformation on the present day reconstructed proﬁle was
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Fig. 5. Messinian Rhone proﬁle before (upper one) and after (lower
one) taking into account post-Messinian deformation. Lower arrows
indicate probable locations of the paleo-tributaries (bold: important
ﬂow).
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investigated. Most of the results are based on the work
of Mandier (1988) on post-Messinian vertical deformation along the middle Rhone proﬁle: (1) at the north of
the Cevennes fault system (deﬁned as the system from
the Cevennes fault to the Nimes fault), an uplift of
around 40 m is estimated during the Rhodanian phase
(upper Miocene) and around 225 m of homogeneous
uplift are attributed to the Plio-Quaternary, (2) within
the Cevennes fault system, an average uplift of 145 m
has been identiﬁed during the Plio-Quaternary. In the
southern part of the Cevennes fault system, 40 m of
post-Messinian vertical uplift have been estimated, as a
maximum, on the Nimes fault (Schlupp et al., 2001). In
the offshore region, the post-Messinian sediment pile is
apparently not deformed by tectonics. The morphology
of the continental margin is essentially controlled by
gravity ﬂow processes (Bellaiche et al., 1984, 1988).
Regional subsidence of the offshore region is generally
admitted, but the quantiﬁcation of this subsidence is not
precisely determined (Kooi et al., 1992).
Taking into account these elements, a proﬁle was
reconstructed which corresponds to the present day
erosion surface of the Messinian Rhone with a
differential vertical translation of the proﬁle of 265 m
in the north and an average vertical translation of 145 m
in the Cevennes fault system. The present day anteMessinian Rhone proﬁle was also reconstructed
taking into account the post-Messinian uplift. At ﬁrst,
the Gulf of Lyons subsidence was not taken into
account because the quantiﬁcation is still a subject of
discussion.
The restored proﬁle shows that post-Messinian
tectonic deformations have enhanced the amplitude of
the Pierrelatte knick point by B265 m, while the
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Fig. 6. Reconstructed proﬁle of the Messinian Rhone river and anteMessinian proﬁle taking into account post-Messinian tectonic.
Comparison with Clauzon results.

downstream proﬁle is not deformed (Fig. 5). Nevertheless, on the restored proﬁle the knickpoint is still
present although associated with a slope break of lesser
amplitude.
These results can be compared with those of Clauzon
(1982) (see Fig. 6). The results conﬁrm the hypothesis of
Clauzon (1982) of an initial slope of B0.05%. The
Messinian proﬁle is deeper downstream of Sainte-Marie
than is the Clauzon proﬁle. A recent study conﬁrms our
result downstream of Sainte-Marie (Guennoc et al.,
2000).

3. Erosional processes
Various equations have been used for modelling
erosional processes: the mass conservation equation,
the stream power equation (Howard et al., 1994;
Montgomery, 1994), the Universal Soil Loss Equation,
the Water Erosion Prediction Project (Nearing and
Nicks, 1998), and semi-empirical or phenomenological
equations (Perrin et al., 1993; Kooi and Beaumont,
1994). Because the mass conservation equation has been
used in an important number of studies (Culling, 1960;
Begin et al., 1981; Thomas, 1982; Willgoose et al., 1991;
Pelletier and Turcotte, 1997; Allen and Densmore, 2000)
and is a well established physical model, we choose to
use it in 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 assures the possibility to study
the inﬂuence of the second order processes such as
lateral mass supply (Begin et al., 1981), tectonics
(Willgoose et al., 1991), autocyclic dynamics in ﬂuvial
sedimentary basin (Pelletier and Turcotte, 1997), and
variations of sediment ﬂow in response to the climatic
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variations (Veldkamp and van Dijke, 2000). The
simplest form of this equation is
dz=dt ¼ 1=gs  dQs =dx;

ð1Þ

where z is the altitude, gs is the bulk weight per unit
volume of sediment, and x is the longitudinal distance. It
is often considered that sediment ﬂow Qs is linearly
proportional to the slope (Culling, 1960; Begin et al.,
1981):
Qs ¼ k1 dz=dx

ð5Þ

Flexural rigidity values are often considered to be
between 1020 and 1024 N m (Weissel and Karner, 1989;
King and Ellis, 1990; Pazzaglia et al., 1998).

5. Ante-Messinian Rhone proﬁle
ð3Þ

where C1 is an empirical constant, Qw is the water
discharge per unit charge, gw is the water density, f is the
Darcy–Weisbach factor and g is the acceleration due to
gravity. Substituting (2) into (1) yields a simple erosion
law formulated as
dz=dt ¼ Kd2 z=dx2 ;

D ¼ ETe3 =12ð1  n2 Þ:

ð2Þ

with
k1 ¼ C1 QW ðg3W f =8gÞ1=2 ;

model of a thin elastic plate, the mechanical parameters
are the Young’s modulus E, the Poisson’s ratio n and the
effective elastic thickness Te which determine the
ﬂexural rigidity D:

ð4Þ

K is a coefﬁcient of erodability, with dimension L2/T.
Eq. (4) can be numerically calculated.

4. Isostatic compensation
The isostatic consequences of deep erosion and
Mediterranean Sea unloading on the longitudinal river
proﬁle were also investigated. The erosion transformed
an originally undeformed lithosphere in isostatic equilibrium to a conﬁguration which is not in isostatic
equilibrium. Thus isostatic restoring stresses will immediately act to regain isostatic equilibrium (Weissel
and Karner, 1989). The lithospheric deformation
depends on the quantity of material eroded, but also
of the mechanical property of the crust. In the classical

The ﬁrst run of the erosional model was performed
considering a smooth slope (B0.05%) for the anteMessinian Rhone proﬁle as shown in Fig. 6, and a sea
level lowering of 2200 m during 450 ky for the Messinian
crisis (Fig. 7). Modelling was then conducted on the
restored Messinian proﬁle taking into account the postMessinian deformation but without considering Messinian isostatic compensation. The resulting proﬁle shows
only one slope break (Fig. 8). It is impossible to
interpret, using only these hypotheses, the complexity
of the Messinian Rhone proﬁle. In order to model the
two slope breaks the inﬂuence of the parameters
controlling the coefﬁcient of erosion k and the inﬂuence
of the two phases of the Mediterranean Sea lowering
were investigated.
5.1. Erosion coefficient
5.1.1. Influence of lithology
Variations of the coefﬁcient of erosion are linked to
lithological changes or ﬂow variations. Based on geological maps, a clear change in lithology can be identiﬁed
north of the Cevennes fault system, around 175–200 km
from the present shore line (near Sainte-Marie),

Fig. 7. Timing and amplitude of sea level variation in the Mediterranean sea in comparison to the global eustatic curve. Tectonics affecting Rhone
river is also indicated.
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Fig. 8. Evolution with time of the river proﬁle using mass conservation
equation. K=35 000 m2/year. Proﬁles are represented every 50 000
years. Initial slope is of 0.05%.
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Fig. 9. Inﬂuence of the coefﬁcient of erodibility K. If xo250 km,
K=50 000 m2/year and if x>250 km, K=150 000 m2/year.

with a substrate dominated by basement rocks to the
north and sedimentary rocks to the south (Fig. 1).
Differences in the lithology are simulated by changes in
the erosion coefﬁcient. For resistant rocks, the coefﬁcients of erosion are small. Two models with different
values for the coefﬁcient of erosion were tested. In the
ﬁrst test the lithology was supposed to be less resistant
downstream (Fig. 9). In this case, the model does not ﬁt
the reconstructed proﬁle. The second test, assumed that
the lithology was more resistant downstream (Fig. 10).
The model ﬁts the reconstructed proﬁle, but the
supposed lithology is not realistic.
Lithological change can not lead to the Messinian
Rhone proﬁle. Thus, lithological changes were not the
cause of the two knick points of the Rhone proﬁle.
5.1.2. Influence of river flow
The variation of the ﬂow induced by tributaries may
modify the coefﬁcient K along the proﬁle. Although the

Fig. 10. Inﬂuence of the coefﬁcient of erodibility K. If xo250 km,
K=150 000 m2/year and if x>250 km, K=50 000 m2/year.

Messinian reconstruction of the Rhone network is not
fully documented, geological observations conﬁrm the
existence of a paleo-Durance (south of the present
Durance), a paleo-Isere (north of the present Isere) and
certainly of a paleo-Gard (Fig. 1). The Pliocene deposits
in the Messinian incised valley of the paleo-tributaries of
the Rhone are not located in the same place as the
present tributaries. The geometry of the Messinian
hydrological network can be considered in studying
the possible inﬂuence on the Rhone proﬁle of the rivers
ﬂowing into the Rhone.
Messinian Rhone proﬁle analyses do not allow
quantiﬁcation of the possible inﬂuence of the two most
important rivers ﬂowing into the Rhone: the paleoDurance and the paleo-Isere. At the resolution scale of
the proﬁle there is no signiﬁcant inﬂuence of river ﬂows
on the Messinian Rhone proﬁle. Furthermore, the
inferred location of the conﬂuence does not ﬁt with
the knick point locations (Fig. 5). The inﬂuence of
longitudinal ﬂow variations along the Rhone proﬁle
does not determine knick point location.

6. Quantiﬁcation of the two phases of sea level lowering
From the above discussion, the origin of the two
knick points has to be sought in a more complex
evolution of the Rhone proﬁle.The existence of two
phases of sea lowering during the Messinian crisis have
been suggested by (Clauzon et al., 1996) . A ﬁrst phase
with a minimum of 400 m of sea lowering occurs before
a second phase of 150 ky with >1000 m of lowering
(Beaudoin et al., 1997).
Taking into account this point and the duration of the
Messinian crisis (5.8–5.35 My; Beaudoin et al., 1997), a
ﬁrst phase of 300 ky with a minimum of 400 m of sea
lowering and a second phase of 150 ky with an
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Fig. 11. Comparison between the reconstructed proﬁle and the model.
2 phases are simulated with the model. In the ﬁrst phase a lowering of
700 m during 300 ky happened (k=350 000 m2/year). In the second
phase a lowering of 1500 m during 150 ky happened (k=20 000 m2/
year).

amplitude of Mediterranean sea lowering >1000 m were
modeled. Assuming this hypothesis, the only possibility
of the model to ﬁt the reconstructed proﬁle is to consider
that the coefﬁcient of erosion is not constant with time
(Fig. 11). Thus, k=350 000 m2/y during the ﬁrst phase of
700 m of lowering over 300 ky; and k=20 000 m2/y
during the 150 ky of the second phase of 1500 m of
lowering. The upstream part of the Rhone proﬁle was at
steady state before the second phase of lowering. The
upstream part of the Rhone proﬁle is independent of the
second phase of regression. Nevertheless there is no
physical explication to the important variation with time
of K: climatic variations can’t explain this variation
alone.
6.1. Influence of duration
6.1.1. Influence of duration of the Messinian crisis
Considering that the Messinian salinity crisis could
have had a greater duration (5.96–5.33 million years) as
suggested by Krijgsman et al. (1999), the consequences
of a ﬁrst lowering over a longer period could be tested.
In this case, the proﬁle is at steady state after 480 ky for
a value of k=120 000 m2/y. Under this assumption,
there is a diminution of the variation of the coefﬁcient of
erosion between the ﬁrst (k=120 000 m2/y over 480 ky)
and the second phase (k=20 000 m2/y over 150 ky).
6.1.2. Influence of the Tortonian erosion
It can also be considered that the ante-Messinian
proﬁle is older than supposed above. In this case, the
possible inﬂuence of the sea level history before the
Messinian crisis must be investigated, requiring study of
the consequences of the Tortonian erosion.
During the upper Miocene, the Tortonian high sea
level is considered as a starting point for the Rhone
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Fig. 12. Comparison between the reconstructed proﬁle and model.
3 phases are simulated with the model. In the ﬁrst phase two lowering
of 100 m during 200 ky each one happened (k=170 000 m2/year). In
the second phase a lowering of 600 m during 300 ky happened
(k=170 000 m2/year). In the third phase a lowering of 1700 m during
150 ky happened (k=20 000 m2/year).

valley. The Tortonian high stand in the Rhone Valley
has been identiﬁed in the Valence region (Demarcq,
1970). After the highest Tortonian sea level, two sea
level lowerings of around 100 m were identiﬁed in Spain
before the Messinian crisis (Franssen et al., 1998). Each
lasted approximately 200 ky. The results of Franssen
et al. (1998) exceed the value of the Tortonian sea level
lowering proposed by Haq et al. (1987), establishing a
maximum value of the possible Tortonian erosion.
Furthermore, the Tortonian Rhone valley is not
necessary located in the same place as the Messinian
valley. Lateral migration of the valley may have
happened.
If the ante-Messinian proﬁle is older than the
Messinian crisis, the Rhone River could have begun to
incise its valley during the Tortonian. The model starts
from the same initial proﬁle as in the preceding
simulation, but we consider that the incision began
during the Tortonian sea low level and so the proﬁle is
eroded over more time (400 ky of Tortonian erosion,
300 ky during the ﬁrst Messinian erosion and 150 ky for
the second phase of the Messinian erosion). The possible
effects of the Tortonian erosion on the proﬁle are not
negligible but remain limited (o100 m) in comparison to
the Messinian erosion. The proﬁle is in steady state after
the ﬁrst Messinian phase. Considering the inﬂuence
of Tortonian erosion reduces the variations of the coefﬁcient of erosion k. Thus, k=170 000 m2/y during the
Tortonian and the ﬁrst Messinian phase, and
k=20 000 m2/y for the second Messinian phase (Fig. 12).
6.2. Influence of Messinian isostatic deformation
In the ﬁrst modeling test the Messinian defomation
was not considered because of scarce infomation about
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it. The possibility of Messinian uplift has been suggested
by Clauzon (1982) near Pierrelatte and also at SaintDesirat. The total crustal uplift that happened during
the Messinian crisis in the Rhone valley has been
eroded.
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Fig. 14. Effect of isostasy on the Rhone valley just after incision
(sections 3 and 4).
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6.2.1. Influence of messinian erosion
Here, the isostatic deformation resulting from the
deep valley incision is quantiﬁed, supposing that the
Rhone valley incision occurs only during the Messinian
crisis. Isostatic deformation was modeled for seven
valley sections along the Messinian Rhone proﬁle
(Fig. 1).
In the downstream part, the Messinian isostatic
deformation in the valley is between 50 (D=1024 N m)
and 500 m (D=1020 N m) (Fig. 13). The uplift deformation
is between 10 and 120 m for the valley section 2 and
between 30 and 200 m for the valley section 3 (Figs. 13 and
14). For the valley section 4, near Pierrelatte, the Messinian
isostatic uplift is between 20 and 170 m (Fig. 14).
In the upstream part, the Messinian isostatic uplift is
between some meters and 25 m for the valley section 5
(Fig. 15). For the valley sections 6 and 7, the Messinian
isostatic deformation is negligible (Figs 15 and 16).
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Fig. 13. Effect of isostasy on the Rhone valley just after incision
(sections 1 and 2).

6.2.2. Influence of Mediterranean sea unloading
Mediterranean Sea lowering during the Messinian
crisis produced unloading of the lithosphere (Norman
and Chase, 1986). This unloading produced a regional
uplift of the shoreline. Mediterranean Sea lowering was
modeled from the south of France to North Africa using
a schematic basin 700 km large and 2.5 km deep. Two
hypotheses for the Mediterranean Sea lowering were
tested because of the uncertainty of this parameter: (1)
lowering of 2500 m, (2) lowering of 1500 meters.
For the ﬁrst hypothesis, an uplift of more than 500 m
of the Mediterranean basin and an uplift of the shoreline
between 30 and 300 m were obtained (Fig. 17). The
location of the deformation due to Mediterranean Sea
unloading is between 30 km (D=1020 N m) and 180 km
from the shoreline (D=1024 N m). For the second
hypothesis, the Mediterranean basin uplift is between
300 and 500 m. The deformation on the coastline is
between 30 and 225 m (Fig. 17).
6.2.3. Influence of Pliocene infilling
After the Messinian crisis, sediment loading happened
during the Plio-Quaternary. The consequence of the
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Fig. 15. Effect of isostasy on the Rhone valley just after incision
(sections 5 and 6).
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Fig. 17. Deformation resulting from Mediterranean sea unloading.
We suppose that during the messinian the lowering is (1) of 2500 m, (2)
of 1500 m.
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Fig. 16. Effect of isostasy on the Rhone valley just after incision
(section 7). Saint-Desirat.

Pliocene inﬁlling is a regional subsidence in the
downstream part of the Rhone river proﬁle. The
Pliocene subsidence due to the valley inﬁlling is of
the same order as the Messinian uplift due to valley
incision, except in Pierrelatte where the valley
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Fig. 18. Rhone river proﬁle reconstructed taking into account postmessinian deformation, downstream subsidence included, and messinian isostatic deformation, for ﬂexural rigidity of D=1022 N m and
D=1024 N m.

has not been completely ﬁlled. This is the minimum
subsidence of the downstream part of the Rhone River
proﬁle.
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Fig. 19. Consequences of the two phase of the Mediterranean sea
lowering on the messinian Rhone river proﬁle. Comparison between
modelling and the reconstructed messinian Rhone river proﬁle.

The reconstructed Messinian Rhone proﬁle is proposed in Fig. 18. In this proﬁle, the post-Messinian
deformations, downstream subsidence included, but
also the effect of isostatic deformations due to valley
incision and sea unloading has been taken into account.
The reconstructed proﬁle seems compatible with a sea
lowering of around 1500 m. The Messinian Rhone River
proﬁle has two knick points as before reconstruction,
but the Pierrelatte knick point is less important after
taking into account Messinian deformations.
A new comparison between the model and the
reconstructed Messinian Rhone proﬁle is proposed. A
constant value is adopted for the coefﬁcient of erosion
(k=700 000) for the two phases of sea lowering. The ﬁrst
phase involved a sea level lowering of 600 m over 400 ky,
whereas the second phase involved lowering of 1400 m
over 50 ky (Fig. 19). A good ﬁt of the reconstructed
Messinian Rhone River proﬁle was obtained.

7. Discussion and conclusion
Different tests on the parameters inﬂuencing the
results of the modeling show that the Rhone proﬁle
cannot be explained only by lithological changes or
changes in discharge resulting from the inﬂuence of
tributaries. There is no possibility to ﬁt data considering
a constant coefﬁcient of erosion if the Messinian isostatic deformation is not taken into account. A limited
pre-Messinian incision cannot explain the variation of
the coefﬁcient of erosion.
The two phases for the Mediterranean Sea lowering
during the Messinian crisis proposed by Beaudoin et al.
(1997) are compatible with the model results. The
amplitude of the ﬁrst phase of sea level lowering during
the Messinian is between 600 and 700 m, whereas the
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second one is between 1300 and 1700 m. ‘The thermic
subsidence of the lithosphere may have affected the
southern part of the Rhone proﬁle. A precise quantiﬁcation of the effect of the thermic subsidence of the
lithosphere in this region is necessary to improve the
evaluation of the second Mediterranean sea lowering
during the Messinian crisis.’ The duration of the second
Messinian phase is 50 ky, whereas the duration of the
ﬁrst phase is around 400 ky.
The morphology of the shoreline during the Messinian crisis has been affected by deformation due to
isostatic response to the valley incision and the sea
unloading. This change may have produced changes in
the ﬂuvial system and inﬂuenced the lateral migration of
some rivers. The study of another Messinian river
proﬁle, such as the Nile, could give the opportunity to
give a more precise quantiﬁcation of the sea level
lowering, but also to quantify the mechanical properties
of the lithosphere determining the ﬂexural rigidity
necessary to construct compatible river proﬁles among
all the Messinian rivers.
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