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Crustal structures of the Rhinegraben
grabens: An experimental approach

Laurent Michon and Olivier Merle

Laboratoire Magmas et Volcans, Clermont-Ferrand, France

Abstract Two of the most important segments of the west
European Rift, the Rhinegraben and the Massif Central grabens,
show in plan and in cross section a very different crustal
structure. The Rhinegraben and the Massif Central grabens are
roughly parallel and formed in the same time interval (i.e.,
Priabonian/Oligocene). The Rhinegraben in the north is a single
half graben of ~35 km wide that resulted from the activity of a
major detachment fault running from the surface to a MOHO
discontinuity at depth. The Massif Central in the south is
composed of two lateral half grabens, similar to the Rhinegraben,
and a near-symmetric central graben. The opposing detachment
faults of the two lateral half grabens reveal a striking mirror
symmetry on either side of the symmetric central graben.
Experiments have been conducted to explain mechanically this
contrasted structural evolution in the same rift system. It is shown
that this difference may be attributed to (1) the number of
ruptures in the brittle part of the mantle lithosphere and (2)
variations in the extension rate. A single rupture in the brittle
mantle lithosphere results in either a single half graben or a pair
of half and symmetric grabens in low and high extension rate
experiments, respectively. Two ruptures in the brittle mantle
lithosphere result in two half grabens in low rate experiments.
The number of grabens is dependent upon the distance between
the two ruptures in the brittle mantle lithosphere in high extension
rate experiments and may vary from 2 to 4. Estimation of the
extension rate in the Rhinegraben and the Massif Central matches
experimental results and shows that the strength ratio between
lower and brittle crust is the key parameter in determining the
graben geometry.

1. Introduction

Understanding of the geometry of sedimentary basins
associated with rifting processes in the continental lithosphere has
made great progress over the past 10 years [e.g., Allemand and
Brun, 1991; Buck, 1991; Benes and Davy, 1996; Scholz and
Contreras, 1998]. Despite this progress, the process of graben
initiation is still controversial. Because reflection seismic studies
clearly show that some extensional structures are asymmetric at
the graben scale as revealed for the Rhinegraben [Brun et al.,
1991], the Malawi rift [Rosendhal et al., 1992], or the Basin and
Range province [Allimendinger et al, 1983], it is widely
considered that the passive rifting may be induced by a
lithospheric asymmetric simple shear [Wernicke, 1985; Brun and
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Beslier, 1996]. However, several authors also propose that the
initial stage of a passive margin evolution may be explained by a
pure shear evolution at lithospheric scale [Keen and Dehler
1993].

The aim of this paper is to determine, using scaled models,
graben geometry during continental passive rifting. According to
many authors [e.g., Buck, 1991; Davy and Cobbold, 1991; Burg
et al., 1994; Allemand and Brun, 1991], we assume that the
continental lithosphere is characterized by a four-layer strength
profile with two brittle high strength layers (the upper crust and
the upper mantle lithosphere) and two ductile layers (the lower
crust and the lower mantle lithosphere). As a result of such a
lithospheric strength profile, it has been shown that crustal
deformation is largely controlled by ruptures within the brittle
mantle lithosphere [Beslier, 1991; Brun and Beslier, 1996].

In the present paper, we examine at crustal scale the graben
geometry resulting from the failure of the brittle mantle
lithosphere. As known from geomechanics, the strength of a
viscous material is dependant on the strain rate, so that the rate of
extension is supposed to be of paramount importance in the
graben geometry. We study the influence of different parameters
such as the variation of the strength ratio between the upper and
the lower crust or the number of ruptures in the underlying
mantle.

Experimental results explain mechanically why a single
rupture in the brittle mantle may induce the formation of either a
unique asymmetric graben or two parallel, symmetric and
asymmetric, grabens. Our model also emphasizes the importance
of the rate of extension upon the graben geometry in the crust.
Finally, the experimental models may explain the differences
depicted in the west European Rift between the Massif Central
grabens and the Rhinegraben geometries.

’

2. Experimental Background

2.1. Scaling

Analogue modeling of crustal deformation is similar to nature
if experimental models and natural systems are characterized by a
similar distribution of stresses, densities, and rheologies
[Hubbert, 1937]. The continental lithosphere with a normal
thermal gradient is considered as a four-layer model for which the
deformation is initiated from the failure of the brittle mantle
[Beslier, 1991]. As a mantle lithospheric rupture occurs, the
resulting crustal structure is highly dependent on the mechanical
coupling between the brittle and ductile part of the crust. This
brittle/ductile coupling can be estimated from the strength ratio
between the upper and lower crust [Allemand, 1990; Beslier,
1991; Benes and Davy, 1996; Brun, 1999]. We use this strength
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ratio to achieve similarities between nature and experiments. This
ratio is a dimensionless number that must be of the same order of
magnitude in model and nature.

SB SB
Eo=E ()
(SD )Modcl [SD ]Nalurc

The strength Sp of a brittle material corresponds to the
deviatoric stress 0;-03 (where 0 and 03 are the maximum and
minimum principal stresses, respectively), which increases
linearly with depth k and fluctuates as a function of the density p,
the angle of friction ¢, the gravity acceleration g, and the
cohesion Ty ((2)-(4)). It follows for a divergent tectonic regime

o, =atboy;=pgh, 2)
a=21yb . 3)
b:_l_tsfﬂ. @)

1-sing

In the upper crust the average density p, is ~2700 kg m>
(continental crust with an overall granitic composition), the
cohesion is ~107 Pa, and the angle of friction is close to 30°.
These natural values make it possible to determine the strength Sp
of the brittle upper part of the crust. In experiments where
cohesionless material is used the strength of the upper brittle part
simplifies to

2
SB=0,—03=—3-pgh. 5)

In the lower ductile layer the strength Sp is dependant on the
viscosity g and the strain rate £ which may be calculated from
the ratio between the extension rate V and the thickness of the
ductile layer hp.

\%
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Then, the strength ratio may be estimated both in nature and
experiments. In experiments it simplifies to

E L %)
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In our experiments the brittle upper crust is made of sand,
which is a cohesionless material [Davison et al., 1993] with a
density p,, of ~1400 kg m™. The length scale ratio is 105, so that
1 ¢cm in the model represents 10 km in nature. The angle of
friction ¢, being a dimensionless number, must be similar in
nature and experiments ({sne=30° and @nuue=30°). We use a
silicone with a viscosity Hm=3x10" Pa s to simulate a lower crust
with a viscosity of ~ ].1,,:102' Pas.

The experiments are an attempt to understand the mechanisms
of crustal deformation in an overall slight extension of a few tens
kilometers (10/30 km) within a time interval of ~10 million years.
The strain rate in nature ranges from 10" t0 10'¢ 5. In order to
achieve in experiments a strength ratio similar to that inferred in
nature (a few tens to a few hundred) the extension rate in
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experiments varies from 0.15 to 1.4 cm h”', which yields a
strength ratio in experiments ranging from 4.5 to 130.

2.2. Apparatus

The experimental model is 50 cm long and 3 cm thick and is
made of a brittle upper part and a ductile lower part. The brittle
upper part is composed of alternating horizontal sand layers of
different colors used as passive markers. The ductile lower part is
a homogeneous pink silicone in most experiments. However, we
have also used vertically and horizontally stratified silicone in
order to determine the internal strain in the ductile level,
following an experimental procedure already proposed and
explained in detail by some authors [Dixon, 1974; Merle, 1982;
Brun and Merle, 1985; Allemand, 1990]. The basal plate of the
model simulates the boundary between the crust and the brittle
mantle. As in the experiments of Basile and Brun [1999] the
rupture within the brittle mantle, which is considered to govern
crustal deformation, is achieved by a velocity discontinuity (VD)
long the basal plate (Figure 1). In the end of the experiment the
brittle material is wetted, and serial cross sections, perpendicular
to the strike of the grabens, make it possible to analyze the
geometry and the internal strain recorded in the model.

We have conducted two sets of experiments, which differ in
the VD number. The first set was carried out with a single VD
(one-velocity discontinuity model). The model is limited by a
motionless wall on one side and by a mobile rim that is pulled out
with the mean of a screw jack on the other side (Figure 2a). A
plastic sheet underlying half of the model is attached to the
mobile rim. The limit of the plastic sheet, which is underneath the
silicone and parallel to the mobile rim, induces a VD in the
middle central part of the model during motion. The second set of
experiments was carried out with two VD (two-velocity

a) NATURE
G,—03
\‘_ Upper
15 km _— —_—— = = cr_u_s '
) N Lower
Ductile crust ~ crust

30ka

Brittle mantle
lithosphere

Depth

b) MODEL

Brittle layer

<=

1.5cm

Ductile layer Silicone

j VD

Figure 1. Strength profile in (a) nature and (b) experiments. The
velocity discontinuity resulting from failure within the brittle
mantle in nature is modeled in experiments by the rim of a mobile
plastic sheet at the base of the model.

3.0cm

Depth
Plastic sheet
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b) 2 VD apparatus
Computer
and motor

.
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Figure 2. Experimental devices for (a) one-velocity discontinuity models and (b) two-velocity discontinuities

models.

discontinuity model). The former motionless wall is replaced by a
mobile rim to which is attached a second plastic sheet (Figure
2b). During each experiment the velocity of each mobile rim is
achieved by a step by step motor controlled by a computer.

3. One-Velocity Discontinuity Model

The goal of these experiments is to study the geometry and the
deformation mechanisms associated with the activity of a single
VD. The strength ratio is dependent upon both the extension rate
and the ratio of thickness between the brittle and the ductile part
of the model. We have conducted several experiments with the
same amount of extension and the same thickness ratio in order to
determine the role of the extension rate on the graben geometry.
Then, varying the velocity of the mobile wall makes the strength
ratio to change from 4.5 to 130 and the role of the extension rate
in the graben geometry needs to be determined.

3.1. Influence of the Strength Ratio

In experiments with a strength ratio <65-70 the extension
initiates two linear and parallel grabens: a near-symmetric one
above the motionless part of the model and an

located

A)
Silicone P
5 cm VD
B)
Silicone &
VD
Figure 3. Two cross sections in one-velocity discontinuity

experiments for (a) low strength ratio and (b) high strength ratio.
The constant C, is defined as the width of the symmetric graben,
and C,, is defined as the final distance between the center of the
symmetric graben and the master fault of the half graben.

asymmetric one located above the movable plastic sheet. The
latter half graben presents a well-pronounced asymmetry with a
major detachment fault facing the symmetric graben (Figure 3a).
This overall geometry does not differ when varying the strength
ratio from 4.5 to 65-70. Experiments with identical strength ratios
allow one to define two constants C, and C,. The constant C, is
the width of the symmetric graben. For instance, C, is ~2 cm for
a strength ratio of ~25. The constant C, is the distance between
the center of the symmetric graben and the master detachment
fault of the asymmetric graben. C,, is ~8 cm for a strength ratio of
25. However, the constant C,, slightly increases with time owing
to the displacement of the half graben onto the movable plastic
sheet. The constant C, is also related to the strength ratio as it
may increase (up to 1 cm) when increasing this ratio.

In experiments with a strength ratio >70 the extension
generates a unique and asymmetric graben on the movable part
(Figure 3b). On map view this half graben is linear and parallel to
the rims of the model. In cross section the half graben is very
similar to that observed in low strength ratio experiments, having
the same width and the same orientation for the detachment fault.
This result indicates that a high strength ratio prevents the
formation of the symmetric companion graben observed in low
strength ratio experiments.

3.2. Internal Strain in the Ductile Lower Part

In some experiments, along strike, half of the silicone is
stratified vertically, whereas the second half is stratified
horizontally. The width and the thickness of the vertical and
horizontal layers are identical, so that a deformed grid is obtained
by superposition of two cross sections in the horizontally and
vertically stratified halves of the model after deformation (a
complete description of this experimental procedure is given by
Brun and Merle, [1985]). This allows one to fully define the
strain pattern within the ductile lower part of the model during
extension.

In experiments with a strength ratio equal to 24, cross sections
reveal that the strain (1) can be slightly different along strike in
the same experiment, (2) is due to major low-angle high-strain
zones dipping ~25°-30°, and (3) is mainly localized between the
two grabens (Figure 4). Cross sections allow two sets of nearly
symmetric high-strain zones to be determined. First, two high-
strain zones are arranged in a more or less pronounced mirror
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b) Near symmetric shearing

Figure 4. Cross sections in one-velocity discontinuity experiments showing the final shape of (a) initially vertical
markers and (b) shear magnitudes in the lower ductile layer.-

symmetry on both sides of the velocity discontinuity. The two
high-strain zones intersect at depth between the initial (VD) and
final position (VD) of the velocity discontinuity. The high-strain
zone associated with the detachment fault of the half graben
affects the entire thickness of the silicone layer in all
experiments. Shear measurements 7y reveal that the highest strain
values are recorded along it (Figure 4b). It is also well worth
noting that the brittle block in between the two grabens is slightly
tilted according to the activity of the main detachment fault of the
half graben. Second, two high-strain zones are localized below
the symmetric graben on either side of its central axis and are
restricted to the very upper part of the silicone layer.

This strain analysis shows that the prominent feature of the
deformation in such an extensional process is the detachment
fault of the half graben along which very high strain is recorded
in the lower ductile part. We argue that extension with high
strength ratio, which inhibits the formation of the symmetric
graben, would be mainly characterized by a single major high
strain-zone running from the bottom of the brittle fault in the sand
to the velocity discontinuity at depth.

4. Two-Velocity Discontinuities Model

In experiments with a low strength ratio (<65-70) the overall
geometry can be understood as a function of the initial distance
between the two velocity discontinuities (Figure 5). As the initial
distance between the two velocity discontinuities is superior to 6
cm (for a strength ratio equal to 18), each VD induces the
formation of a pair of grabens in a way similar to that described
for a low strength ratio in one-VD experiments (Figure 5a).
Increasing the initial distance between the two VD makes the
distance between the two pairs of graben (i.e., the central horst)
increase.

In experiments with an initial distance equal to 51 cm,
extension leads to the formation of three grabens only: two lateral
half grabens and a central symmetric one (Figure 5b). The
distance between this unique central graben and the two other
lateral half grabens is identical to the distance between each pair

) Cb ) Cb 1
- X YT —
B) VD VD
10 cm , <2C ,
 ——
C
) VD VD

Figure 5. Schematic representation of extensional structures in
two-velocity discontinuities and low strength ratio experiments.
When the starting distance between the two VD is large, each VD
initiates a pair of half graben/symmetric graben as in one-VD low
strength ratio experiments (Figure 5a). A larger starting distance
between the two VD merely increases the width of the central
horst between the two pairs of grabens linked to each VD. When
the starting distance between the two VD is reduced, a single
symmetric graben is shared by the two half grabens as the
distance between those two is not enough to create two
symmetric grabens (Figure 5b). When the two VD are touching
or are very close, the distance between the two border faults
becomes too short for creating a symmetric graben, and the two
half grabens are separated by a central horst (Figure 5c).
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Figure 6. Strength ratio versus brittle/ductile thickness ratio for
five different extension rates: 2, 4, 6, 8, and 10 10" m s (sce
text for explanation).

of associated grabens (i.e., constant C,) in previous experiments.
We propose that the distance between the two half grabens being
too small for two symmetric grabens to form, a single central
graben develops and is shared by the two lateral half grabens.

Finally, with an initial distance inferior to 4 cm the system is
restricted to the formation of the two lateral half grabens. The
distance between the half grabens is smaller than the constant C,
which probably prevents the formation of any symmetric graben
in between (Figure 5c).

In experiments with a high strength ratio (>70) the extension
always induces the formation of two half grabens, whatever the
initial distance between the two velocity discontinuities. This
result is consistent with high strength ratio one-VD experiments.

5. Discussion

It is interesting to analyze the influence of the thickness of the
brittle upper part of the crust on the strength ratio. Computations
show that the strength ratio reachs a maximum for a thickness
ratio of 1, decreasing to zero as the thickness ratio tends both to
zero and infinity (Figure 6). At high extension rate the thickness
ratio has no effect on the number of grabens, and extension leads
to the formation of two, symmetric and asymmetric, grabens. In
contrast, at low extension rate a thickness ratio in the range from
0.2 to 5 may induce the formation of a single half graben (Figure
6).

In nature the thickness ratio may fluctuate from 0.5 to 2
according to the geothermal gradient within the crust at the time
of the deformation. Considering these two end-members, Figure 7
shows that the strength ratio is more sensitive to changes in
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extension rate than to variations in thickness ratio. No matter
what the thickness ratio is, an extension rate higher or lower than
~6x10"" m s™' leads to the formation of a single half graben or of
a pair of grabens, respectively (Figure 7). We conclude that the
extension rate is the main parameter controlling the graben
geometry in nature.

As the strength ratio is <65-70 (i.e., relatively high extension
rate), the initial stage of the deformation in one-VD experiments
is associated with the formation of two symmetric high-strain
zones in the silicone layer. In the brittle layer these high-strain
zones lead to the formation of two grabens. As the extension
increases, the graben located on the mobile part becomes
asymmetric, whereas the other remains symmetric. The shear
zone related to the symmetric graben becomes less and less active
whereas, high shear strain is recorded along the major shear zone
related to the half graben. These results can be uscfuﬂy compared
with the experiments of Brun and Beslier [1996, Figure 4b] at
lithospheric scale where the symmetric graben becomes
progressively inactive with time and where the deformation is
concentrated in the asymmetric one. The one-VD experiments
with a strength ratio >65-70 (i.e., relatively low extension rate)
show that the extension induces from the beginning a major high-
strain zone, which leads to the formation of a single half graben
in the brittle layer.

These experiments make it possible to assess in nature the role
of the distance between the rupture zones in the brittle mantle
with respect to the extension rate. In two-VD experiments with a
strength ratio >65-70 (i.e., low extension rate) the extension
always leads to the formation of two asymmetric grabens. This
shows that the overall geometry at low extension rate is not
controlled by the initial distance between the VD and that each
rupture in the brittle mantle generates an half graben in the
overlying crust. However, low strength ratio experiments (i.e.,
high extension rate) reveal that the geometry and the number of
graben are controlled by the initial distance between the two VD
(Figure 8).

300
Se/Sp

250

200

Massif Central
rift
0 "
o ] 10 20
5.25-6 10711 Extension rate
(10" ms™)

Figure 7. Strength ratio versus extension rate for three different
brittle/ductile thickness ratios. The Rhinegraben plots in the
single half graben field, whereas the Massif Central plots in the
two grabens field.
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1VD

0<d<4
2VD

4<d<6

d>6

Figure 8. Table showing the number of grabens with respect to
the number of velocity discontinuities and the extension rate.
Here d (cm) is the initial distance between two velocity
discontinuities.

According to the length ratio, an initial distance between the
two mantle lithospheric ruptures >60 km, that is, for a distance
between the two lateral detachment faults >160 km (2 Cyp), should
generate  two  pairs of grabens in nature, each
symmetric/asymmetric pair being induced by the rupture in the
underlying brittle mantle. The width of the two symmetric central
grabens would be ~20 km. In contrast, as the initial distance
between the two ruptures is <40 km, that is, where the distance
between the two lateral detachment faults is <2 Cj, only two half
grabens should form because the distance between them is not
large enough for the symmetric graben to be initiated. Finally,
between these two end-members a particular case may be defined
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for which a central graben of 20 km width is shared by the two
lateral half grabens. This geometry would occur where the two
lithospheric ruptures are 50+10 km apart.

6. A Natural Example: The West European Rift

The west European Cenozoic rift is composed of three
principal segments whose orientation is roughly parallel to the
alpine front: the Eger graben in the east and the Rhinegraben and
the Massif Central grabens in the west (Figure 9) [Ziegler, 1994].
Numerous seismic profiles [e.g., Morange et al., 1971; Bergerat
etal., 1990; Brun et al., 1991; Zeyen et al., 1997] together with
well-established geological data have unraveled the tectonic
history and helped to visualize the crustal structure for the
Rhinegraben and the Massif Central grabens.

6.1. Rhinegraben

The Rhinegraben is a 35-40 km wide and 300 km long linear
structure which is NNE-SSW oriented and results from a near E-
W extension. Geophysical data clearly show that the graben
presents an asymmetry which is reversed from north to south.
North to the Lalaye-Lubine-Baden-Baden Variscan fault the
graben is bounded in the east by a west dipping major fault.
South to the Variscan fault the main fault is east dipping, and the
thickest sediment deposit is localized in the western part (Figure
10a). The Rhinegraben results from a lithospheric extension
which started 40 myr ago. Between 40 and 30 Ma the evolution
of the northern and southem parts was identical with a
sedimentation at sea level [Sissingh, 1998] and similar subsidence
rates [Villemin et al., 1986]. From the end of the Oligocene the
evolution of the southern and northern parts differed. In the south

, &
Massif Central rift ' L

Limagne

3

Rhine Graben

Sumgant
4

SZ} Hercynian basement
e Normai fault

Major normal fautt 4: Bohemian-Siesian
< Thrust voicanic ar¢; 5: Rhensit
~ - ECORS profiles shioc.

3 Kaisarstuht;

Figure 9. Geological map of the three main segments (Massif Central, Rhine, and Eger) of the west European Rift.
Also shown is the location of the E-W cross section of the Massif Central (white arrow) and the three geophysical
profiles including the ECORS profile in the Rhinegraben (dashed lines).
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Figure 10. (a) The graben geometry of the southern part of the Rhinegraben as deduced from the ECORS profile
shown on Figure 9 [modified after Brun et al., 1992]. (b) Cross section in one-VD high strength ratio experiments.
The half graben is bounded by a detachment fault from the surface to the velocity discontinuity at depth.

the subsidence drastically decreased, while it has continued to
present in the northern part. The thickness of sediments and the
crustal thinning is therefore larger in the northern than in the
southern part. The sedimentation at sea level and the lack of
volcanism during the rifting episode are considered as strong
arguments to interpret the Rhinegraben in terms of passive rather
than active rifting [e.g., Park, 1988; Ruppel, 1995].

The upper crustal stretching in the northern part deduced from
the sedimentary fill is estimated between 5 and 7 km. Assuming a
preservation of the volume of the crust, a total extension value of
~17 km can be estimated [Brun et al, 1992]. This crustal
stretching in the northern part results, on one hand, from the
extension linked to the west European rift (between 40 and 30
Ma) and, on the other hand, from the Plio-Quaternary extension.
This latter extensional episode is closely connected with the
recent evolution of the Rhur and the southern North Sea graben
[Zijerveld et al., 1992; Kooi et al., 1992]. In order to determine
the stretching of the crust induced by the west European rift
episode only, it is better to use the stretching value obtained in
the southern part (12 km) [Bois, 1993].

The extension rate deduced for the 10 Myr Oligocene rifting
episode in the southern part is close to 3.8x10"" m s From
seismic profiles the brittle/ductile thickness ratio is ~2 [Brun et
al., 1992]. Equations (2)-(6) allow one to calculate a strength
ratio of ~88 for the southern Rhinegraben at that time. The
strength ratio and the extension rate for the Rhinegraben are
shown in the Figure 7. The corresponding point plots in the single
half graben field.

As predicted by our experiments, the Rhinegraben geometry
presents strong similarities with the half graben obtained in the
high strength ratio one-VD experiments (Figure 10b). In nature
and experiments the graben is bounded by a main detachment
fault, and the maximum of subsidence is situated at the footstep
of this fault. In experiments, many conjugate faults are created
which migrate toward the graben center. In nature the first faults
to be formed would be the external faults, whereas internal faults
are late. We speculate that the east-dipping detachment fault
remains active while many tilted blocs were formed eastward.

Experiments strongly suggest that each part of the
Rhinegraben (southern and northemn parts) results from a single
rupture within the brittle mantle lithosphere. The Lalaye-Lubine-
Baden-Baden fault is then interpreted as a transfer fault which
linked the two ruptures in the brittle mantle.

6.2. The Massif Central Grabens

The Massif Central area, which is the most important segment
of the west European Cenozoic rift, has been recently
reinterpreted [Merle et al., 1998]. The Eo-Oligocene graben
structure is 180 km wide, composed of two lateral half grabens
(the Limagne graben in the west and the Bresse graben in the
east) and one near-symmetric, 20 km wide, central graben (the
Roanne-Montbrison graben) (Figure 11a). The overall structure
along an east-west cross section is bounded by the two opposing
detachment faults of Limagne and Bresse lateral grabens and
reveals a striking mirror symmetry on either side of the central
part of the Roanne-Montbrison graben.
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Figure 11. (a) The graben geometry of the Massif Central, which corresponds to a mirror symmetry on either side
of an axis passing through the center of the central symmetric graben. The overall geometry results from upper
Eocene/lower Oligocene extension. The necking of the crust revealed by seismic studies below the Limagne graben
is thought to result from a late extensional stage in the upper Oligocene (see text). GL, Limagne graben; GRM,
Roanne-Montbrison graben; GB, Bresse graben. (b) Cross section from a two-VD low strength ratio with an initial
distance of ~5 cm between the two VD showing a similar overall symmetry. According to length scale ratio, the 20
km wide central graben in nature fits the 2 cm wide central graben in experiments.

The Massif Central grabens result from an east-west extension
which lasted 10 Ma in the Oligocene time and during which each
graben was filled by several hundred or thousand meters of
sediments. During and middle Oligocene,
incursions show that the sedimentation occurred at sea level in
the Limagne and Bresse grabens [Giraud. 1902; Rat, 1984;
Bodergat et al., 1999], while fluvio-lacustrian sedimentation only
was recorded in the central graben of Roanne-Montbrison [Ech-
Cherif El Kettani, 1996]. In the upper Oligocene this overall
symmetry came to an halt. Persistence of marine incursions and
sedimentation in the Limagne graben together with a lull in
sediment deposits in the Roanne-Montbrison and Bresse grabens
suggests that the extension became asymmetric at the scale of the
whole system. During this period, crustal thinning only occurred
in the western Limagne graben. This is clearly visible on
geophysical profiles where crustal thinning reaches 25% in the
Limagne graben whereas, it does not exceed 11% in other
grabens.

We argue that the extensional process in the upper Oligocene
differs from that recorded in the lower and middle Oligocene,
during which the mirror symmetry of the grabens system were
initiated. The more pronounced crustal and lithospheric thinning
due to the upper Oligocene extension along the western part of
the system is confirmed by the occurrence, from the end of the
Oligocene and during lower Miocene, of a scattered volcanic
phase mainly located within the Limagne graben and totally
missing to the east of the Roanne-Montbrison graben (Figure
11a). As in the Rhinegraben the sedimentation at sea level, which
lacks volcanic activity and was followed by a scattered volcanic

lower marine

phase in the thinned area, may be interpreted in terms of passive
rifting evolution [Merle et al., 1998].

The stretching value in the upper crust may be estimated from
master fault geometries to be inferior to 10-15 km. As in the
Rhinegraben this value is smaller than that deduced from
geophysical data, which is close to 25-30 km. Again, this
discrepancy can be explained by ductile flow in the lower crust
during extension. Equations (2)-(4) and (6) allow an estimation of
the strength ratio which ranges from 39 to 47. In contrast with the
Rhinegraben, the corresponding point plots in the two grabens
field on Figure 7. This strongly suggests that the whole geometry
of the massif central grabens may be interpreted in terms of two-
VD experiments.

Accordingly, the Massif Central grabens could result from two
ruptures in the brittle mantle underlying the ductile crust. Low
strength ratio would have induced the near-symmetric central
graben, which is shared by the two lateral half grabens in a way
similar to our experiments (Figure 5b). From the length ratio used
in experiments it may be inferred that these two ruptures in the
underlying brittle mantle are spaced by ~50 km (Figure 11b).
Reactivation of former variscan faults could explain the distance
between the two border faults (Bresse and Limagne detachment
faults), which is slightly superior to that observed in experiments.

7. Conclusions

The main results of this experimental study may be
summarized as follows.

1. As already proposed by some authors [e.g., Allemand, 1990;
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Beslier, 1991; Benes and Davy, 1996), crustal-scale experiments
show that the strength ratio is the key parameter which controls
the geometry of the graben in rifting processes. In one-VD
experiments a strength ratio value of ~65-70 (i.e., yield strength
ratio) separates two deformation fields. Lower and higher
strength ratio values induce either a pair of grabens or a single
asymmetric graben, respectively. In two-VD experiments the
extension leads to the formation of two asymmetric grabens as
the strength ratio is higher than the yield strength ratio. For a
strength ratio lower than the yield value the geometry and the
number of grabens is a function of the initial distance between the
two VD (Figure 5 and 8).

2. Variations of the thickness ratio between the brittle and
ductile part of the crust have little influence on the strength ratio
value, which is extremely sensitive to extension rate variations.
The extension rate during extension is therefore a parameter of
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paramount importance in the understanding of the graben
geometry.

3. Analogue modeling allows interpretation of the difference
in the graben geometry observed in the Rhine and Massif Central
areas. It may be inferred that the overall geometry results from
(1) the number of ruptures within the brittle mantle lithosphere
and (2) the difference in the extension rate. Two relatively close
ruptures in the underlying brittle lithosphere as well as a high
extension rate explain that three grabens formed in the Massif
Central, whereas a unique rupture in the lithosphere and a low
extension rate explain that a single half graben formed in the
Rhine area.
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