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Abstract In the Belledonne massif, the steep Paleozoic
Belledonne Middle Fault (BMF) separates micaschists,
displaying numerous landslides, from amphibolites. The
massif is incised by the lower Romanche river valley.
When crossing the BMF, the valley widens into a lozenge-
shaped basin recently interpreted as an active pull-apart
type structure associated with a major N110 striking
Quaternary fault. Multidisciplinary investigations were
carried out in the basin to check if this model has impli-
cations on the seismic and landslide hazard assessment.
This study demonstrated the existence of a N8O sinistral
strike slip Séchilienne Fault Zone (SFZ). This fault zone is
suspected to offset the BMF by 375 m across the basin.
Geophysical experiments revealed that the bedrock depth
increases strongly in the basin, up to 350 m. Our study
invalidates the active pull-apart origin of the basin and
suggests it results from Quaternary glacial and fluvial
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erosion processes, magnified by the intersection of two
inherited structures, the BMF and the SFZ.
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Introduction

The Belledonne massif, one of the Paleozoic external
crystalline massifs of the French Alps (Fig. l1a), extends
over more than 120 km in a N30 direction. Mountains of
the massif elevation exceed 3,000 m and are bounded to
the west by the large topographic depression of the Isére
valley (Fig. 1b). The Belledonne massif was part of
Hercynian orogen located along the margin of the former
European platform. Its basement is constituted by a
complex of different metamorphic rocks (gneisses,
amphibolites and micaschists), of Precambrian to Carbon-
iferous age, which were deformed and metamorphosed
during the Hercynian orogenesis (Ménot 1988; von Raumer
et al. 1993). This substratum is covered by non-metamor-
phic detrital sediments ranging from late Carboniferous to
Permian age, and unconformably covered by Mesozoic
sediments. During the Alpine orogenesis, the Belledonne
massif was affected by crustal shortening associated with
the development of metamorphic overprint in greenschist
facies conditions in the deep parts of the massif (Goffé
et al. 2004). The shortening generated the uplift of the
basement and the transportation of the Mesozoic cover to
the north-west onto a more external position building-up
the Chartreuse and Vercors subalpine chains (Fig. 1b). The
Belledonne massif is divided into two major tectonic
domains, the external domain to the west and the internal
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Fig. 1 a Structural sketch map

of the western Alps with the
internal and external arc. b
Structural and seismicity map of
the southwestern part of the
external crystalline massif of
Belledonne centred on the lower
Romanche river valley. The
seismic alignment of the
Belledonne Border Fault (BBF)
and the Belledonne Middle
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Fault (BMF) are indicated. The
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Fig. 2
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one to the east. These two blocks are separated by a major
Late Paleozoic sub-vertical fault, the so-called Belledonne
Middle Fault (BMF) (Fig. 1b). On either side of this fault,
the two blocks show different lithological content, age and
tectono-metamorphic history. The external domain is made
of a metasedimentary unit with unknown age correspond-
ing to micaschists affected by polyphased low-grade
metamorphism (Fernandez et al. 2002), while the internal
domain is constituted by a tectonic stack of acid and basic
amphibolitized Cambrian to Devonian rocks (Guillot and
Ménot 1999).

The Belledonne massif is affected by a recurrent active
deformation, demonstrated by the historical seismicity and
the recently acquired seismic and geodetic data. The
localisation of the seismic sources, provided for more than
10 years by the Sismalp seismological network, shows a
concentration of earthquakes along an axis parallel to the
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western edge of the massif (Thouvenot et al. 2003). This
alignment of seismic events with M| magnitudes lower
than 3.5 and located at shallow depths (less than 10 km)
extends on more than 50 km (Fig. 1b). The focal solutions
reveal a dextral strike-slip seismo-tectonic regime. This
seismic activity restricted below the western limit of the
Belledonne massif is suspected to reflect the tectonic
activity of the so-called Belledonne Border Fault (BBF)
(Thouvenot et al. 2003). However, this structure was never
directly observed on the surface through geological or
morphological features, although it is correlated with a
somewhat flatter topography corresponding to the Aalenian
argilite monocline of the Belledonne border hills (Thou-
venot et al. 2003). At the southern tip of the BBF, south of
the village of Vizille (Fig.1b), a My = 3.5 earthquake
occurred in Laffrey in 1999. The aftershocks were dis-
tributed along a N122 alignment perpendicular to that of
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the BBF with focal mechanisms corresponding to a left-
lateral strike-slip movement (Thouvenot et al. 2003). These
two seismic alignments can be interpreted as two conjugate
faults consistent with a 3-5 mm/year for compression/
strike-slip deformation in the western Alps external domain
(front of the Belledonne massif), as shown by GPS moni-
toring (Martinod et al. 1996, 2001).

The southern part of the Belledonne massif is carved by
the east-west trending lower Romanche river valley
(Fig. 1b). This incision results from the alternate activity of
the Romanche river and the Romanche glacier during the
Quaternary glaciations (Montjuvent and Winistorfer 1980).
The resulting morphology displays steep slopes, around
35-40°, which are affected by large active or past gravi-
tational movements in the micaschists (Barféty et al. 1970;
Fig. 2a). Of major concern is the large Séchilienne land-
slide which is located on the right bank of the Romanche
river and whose more active part corresponds to several
million m® (Meric et al. 2005). The proposed destabilisa-
tion mechanism (Vengeon et al. 1999; Pothérat and Alfonsi
2001) is a slope decompression that follows the ice melting
during the last retreat stage of the Romanche glacier at the
end of the Wiirm period (15,000 years BP).

Since the beginning of the glacier retreat (18,000 years
BP), four successive lakes were created upstream the Livet
gorge (Fig. 1b) by the damming of the Romanche river and
flooded the Bourg d’Oisans plain (Bailly-Maitre et al.
1997). The last lacustrine episode started about 3,000 years
Bp, when the valley was dammed by the two opposite
alluvial fans of the Vaudaine and the Infernet torrents
(Fig. 1b). This heterogenous dam regularly failed, gener-
ating gigantic flash floods in the Romanche valley. The last
historically known catastrophic flood occured in 1219 and
damaged the Grenoble city, 30 km downstream (Cottes
1924). More recently, a minor flooding was reported in
1612. These successive flooding episodes formed the
blocky terrace levels observed in the Livet gorge upstream
the Séchilienne village (Fig. 1b) (Bailly-Maitre et al. 1997)
and truncated three large alluvial fans, generating recti-
linear scarps up to several hundreds of metres long and
several tens of metres high (Fig. 1b).

Close to the village of Séchilienne, the Romanche valley
is crosscut by the north—south trending BMF that correlates
morphologically with two valleys displaying contrasted
features (Fig. 2a). North of the Séchilienne basin, the BMF
trace follows a narrow valley. On the contrary, the southern
valley is wider and filled by moraines and nested alluvial
cones deposited by the Saint Barthélemy torrent (Fig. 2a).
The morphological study of the area also reveals a partic-
ular kilometric lozenge-shaped basin, so-called the
Séchilienne basin, located at the intersection of the lower
Romanche valley with the BMF morphological trace
(Fig. 2a). The basin is filled by glacio-alluvial deposits of

unknown thickness. Based on its lozenge shape morphol-
ogy, the Séchilienne basin has been interpreted by Pothérat
and Alfonsi (2001) as an active pull-apart type structure.
According to this hypothesis transtension was supposed to
concentrate within a left-hand relay along a N110 sinistral
transcurrent fault during Quaternary times. Alternatively,
the Séchilienne basin could also have formed by the
combined erosion of the Romanche glacier and river on the
inherited fracture pattern of the site. The new geomor-
phological, structural and geophysical data brought in this
paper favour this second hypothesis.

Structural and geomorphological analysis

The study of brittle structures along the lower Romanche
valley was first performed at the regional scale by using
stereographic couples of aerial views (2003 IGN survey).
The main regional scale lineaments reported in rose dia-
grams (Fig. 3) have directions similar to local scale
fracturing and are interpreted as faults on either side of the
BMF. The dataset was treated according to the two main
distinct lithological domains present in the area (Fig. 2b).
In the micaschist domain, due to the thick vegetal cover
and the presence of large gravitational movements, the
observation of the main lineaments is made difficult. Each
of the two rose diagrams (Fig. 3) shows a major fracture
family with an orientation of N60 in the micaschists and
N70 in the amphibolites. In the micaschists a second
fracture family, striking N40, is visible. Minor fractures,
which are more scattered in the amphibolites than in the
micaschists, exhibit a common N140 orientation for the
two lithologies. Obviously, the regional scale faulting does
not explain the N110 striking morphological boundaries of
the Séchilienne basin. In order to solve this paradox, the
brittle structure was analysed at the outcrop scale along the
boundaries of the basin. Five main measurement sites were
defined: sites 1, 2 and 3 in the eastern amphibolites, sites 4
and 5 in the western micaschists (Fig. 3).

The amphibolitic rock bar on the right bank (Fig. 3, site
1) exhibits numerous near-parallel vertical fault surfaces
trending N80. They correspond to successive cliffs of
several hundred meters in elevation and length. These
fault surfaces display near-horizontal striae and grooves
reaching several tens of metres length and bear fibres
constituted by minerals such as chlorite, epidote and
quartz. This paragenesis is symptomatic of greenschists
facies conditions suffered during the Alpine deformation
and suggests a minimal equilibrium temperature of 200°C
(Spear 1993). Such a temperature implies that the main
displacement along the fault occurred at several kilometers
depth. This depth is not compatible with the near surface
deformation process as expected in the Quaternary pull-
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Fig. 2 a Geomorphological
map of the study area along the
lower Romanche valley. The
polygon in dashed line locates
Fig. 3. b Geological map of the
lower Romanche valley
(modified from Barféty et al.
1972) with the location of our
geophysical investigation
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apart basin hypothesis. These main greenschist fibres are
locally overprinted by smaller striae (centimetric to mil-
limetric length) that indicate some minor reactivation of
the transcurrent fault surface. The main fibres give evi-
dence of a left lateral displacement and they correspond to
the main structural direction observed at the regional scale
(Fig. 3, rose diagram). Dense faulting and developed
friction structures lead us to recognize a major N8O fault
zone in the lower Romanche valley. We propose to call
this fault the Séchilienne Fault Zone (SFZ on Fig. 3). The
morphology of the valley in this place, very narrow,
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rectilinear along the N80 direction and with vertical walls,
is the outward trace of the SFZ. This fault clearly visible
in the amphibolites (site 1 in Fig. 3) is expected to connect
with the N80 presumed fault crosscutting the micaschists
of the left bank of the river, downstream the Séchilienne
basin (Fig. 2b). The total length of the structure would
exceed 6 km (Fig. 3). Processing striae and striated planes
data in amphibolites (sites 1, 2 and 3 in Fig. 3) with the
right angle dihedra method (Angelier and Mechler 1977)
yielded paleotensors (Table 1). In site 1, a near-vertical
intermediate stress axis (transcurrent type regime) and a
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Fig. 3 Location map of the

structural analysis sites and of
the Séchilienne Fault Zone
(SFZ). The regional scale
structural data are shown as rose
diagrams segmented in 5°
classes for the micaschists and
the amphibolites. The local
scale structural data (at sites
labelled 1-5) are plotted as
great circles on lower
hemisphere Wiillf net
projection. The paleomain stress
axes in each site have been
computed by right angle dihedra
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Table 1 Parameters of the

computed paleotensors related N Site X (m) Y (m) Z (m) Nb 1) 92 () a3 ()
to the Striate.d faults along the Amphibolite
Romanche river valley
1 RNO91 Est 724,125 4,993,500 390 16 219/03 49/87 309/01
2 Saint Barthélémy 723,400 4,992,250 500 15 223/16 088/68 317/15
3 Séchilienne Nord 722,800 4,993,200 360 48 239/03 330/22 140/68
N number of the measurement Micaschist
site, Nb number of data, ¢/, 02, 4 RNI1 Ouest 724,125 4,992,250 325 15 281/08 068/80 190/05
03 main stress axis (azimuth/ 5 Les Rivoirands 719,600 4992410 370 31 26806 14878 359/10

plunge)

N35 near-horizontal maximal stress is obtained. In sites 2
and 3, the NS8O sinistral strike-slip faulting may also be
observed, but it does not correspond to major fault planes
like in site 1. Moreover, in sites 2 and 3, numerous small
N110 faults are associated with minor N150 low-angle
reverse faults. These three computed paleotensors
(Table 1) display a N30-N40 near-horizontal maximal

stress axis. A permutation of the intermediate and minimal
stress axes between site 2 and site 3 results from the rel-
ative weight of the numerous low angle reverse fractures
in site 3. Based on this analysis, we do not recognize along
the right bank of the Séchilienne basin any signature of a
major N110 fault zone, as required in the pull-apart basin
hypothesis.
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In the western micaschists (Fig. 3, sites 4 and 5) striated
near-vertical faults are distributed in two main families
oriented N40 and N60 and show right lateral displacement.
Unlike the amphibolites, these striated faults present weak
lateral extension and do not correspond to major topo-
graphic cliffs. Moreover, the quartz and calcite fibres as
well as the grooves exhibit only centimetric lengths. The
inferred paleotensors (Table 1) correspond to a N8O-N100
near-horizontal maximal stress and a near-vertical inter-
mediate stress.

In each lithology, the paleotensors inferred from frac-
turing measurements are homogeneous but differ on either
side of the BMF. Nevertheless, they stay compatible with
the main direction of the shortening that resulted in the
Tertiary regional fold system of Vercors and Chartreuse
subalpine chains (Gratier et al. 1989; Gamond 1994). In the
amphibolites, the three paleotensors are similar and com-
patible with a left lateral strike slip displacement along the
N80 SFZ. In site 1, fracturing is the signature of the SFZ.
In sites 2 and 3, farther from the main fault zone, this SFZ
direction is shaded off within a more scattered fracture
pattern. In the micaschists, where sites 4 and 5 are far from
the presumed trace of the SFZ, the structural data do not
show any influence of this fault zone activity.

On the left bank of the Romanche River, the St Bart-
hélemy torrent generated nested post-wiirmian alluvial fans
(Barféty et al. 1972), the presence of which prevents from
precisely locating the BMF trace (Fig. 2). The main fan
(cone 1, Fig. 4), which is the oldest one and is stabilized,
show a lateral kilometric extent with a slope less than 5°.
The frontal part of this fan is truncated by a rectilinear
1,000-m-long N110 trending scarp that makes the southern
boundary of the Séchilienne basin. This limit corresponds
to a steep slope break (>50°) that can reach 25 m height in
its central part (Fig. 4). This bench is carved by two more
recent fans. The smallest one (cone 2, Fig. 4), 150 m wide,
is also stabilized and partially truncated by a N110 trending
50 m long and 3 m high scarp. The central part of the
bench is overlaid by the present-day St Barthélemy alluvial
fan (cone 3, Fig. 4) that spreads out in the Séchilienne
basin over more than 500 m wide. On the contrary, the
northern boundary of the Séchilienne basin does not dis-
play any alluvial fan. The bare amphibolitic bedrock of this
side is composed by an association of small scale fractures
of varied orientation (N80, N110, N150). This association
makes its contour line jagged while the global envelope
trends N110 (Fig. 3) and parallels the southern limit of the
basin. This particular frame gives the basin its lozenge
shape. To explain the basin morphology two hypotheses
can be proposed. (1) Quaternary tectonic processes asso-
ciated with a pull-apart displacement (Pothérat and Alfonsi
2001) and causing the subsidence of the basin infilling. (2)
Quaternary erosion activities of the Romanche glacier and
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river reworking a previously faulted zone at the contact
between two different lithologies.

Geophysical prospecting

Geophysical experiments were performed in and around
the Séchilienne basin, in order to discriminate between the
two hypotheses for the basin formation. A first objective
was to locate the BMF south of the basin where it is hidden
below Quaternary deposits and to assess if this inherited
linear structure is displaced across the basin. A second
objective was to determine the longitudinal valley floor
profile across the basin.

Methods

Near-surface geophysical prospecting has now become a
major tool, particularly in active tectonics, for constraining
the geometry of faults affecting the shallow layers (among
others, Demanet et al. 2001; Green et al. 2003; Carvalho
et al. 2006). The choice of the investigating technique
mainly depends on the expected geophysical contrast, the
target depth and the required resolution. A fault generally
juxtaposes blocks of different nature and may also disturb
hydrogeological conditions. Since the electrical resistivity
is a geophysical parameter exhibiting a wide range of
values depending on the nature of the material and the
water content (Telford et al. 1990). Electrical Resistivity
Tomography (ERT) has emerged as one of the more fre-
quently used and robust techniques for tracing faults at the
surface from a few metres to a few tens of metres of depth
(e.g. Suzuki et al. 2000; Demanet et al. 2001; Caputo et al.
2003; Nguyen et al. 2007). Faults are, however, often
buried below a recent soil cover and the high resolution
seismic reflection technique was used for mapping faults at
greater depth, from few tens to few hundreds of metres
(e.g. Shields et al. 1997; Demanet et al. 2001; Carvalho
et al. 20006). Sedimentary basins (from a few tens of metres
to a few kilometre thick), are classically imaged using the
seismic reflection technique (e.g. Whiteley et al. 1986;
Stephenson et al. 2002; Bradford et al. 2006) that also
allows to image the bedrock interface (Brabham and
McDonald 1992; Jongmans et al. 1998). Since the pio-
neering work of Nogoshi and Igarashi (1972) and
Nakamura (1989), the recording of microtremors has been
increasingly applied for investigating sedimentary struc-
tures. In particular, the H/V technique, which consists in
computing the spectral ratio of the Fourier amplitude
spectra of the horizontal (H) over the vertical (V) compo-
nents of the microtremors recorded at the surface, was
shown to be able to provide a reliable estimate of the
fundamental resonance frequency f, of the site (Bard
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Fig. 4 a Southward view of the
Saint Barthélemy post-wiirmian
alluvial system seen from north.
The area photographed is
located on Fig. 2a. b
Interpretation of the alluvial
system as three nested cones.
The stabilized cone 1 displays a
rectilinear slope break
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1998). Because of the relation between f;, shear wave
velocity within the soft layers and their thickness (Tok-
imatsu 1997), the H/V method was applied as an
exploration tool for mapping the geometry of different
basins (e.g. Delgado et al. 2000; Parolai et al. 2002; Gu-
éguen et al. 2007), assuming that the shear-wave velocity
profile is known. These three geophysical methods were
applied in this study in order to define the position of the
BMF and to estimate the thickness of the infilling of the
Séchilienne basin.

Four ERT profiles (labelled E1-E4, Fig. 2b) were per-
formed using a Wenner configuration with a number of
electrodes ranging from 64 to 80 and a spacing of 2.5 or
5 m. The electrical profile characteristics are summarized
in Table 2. Apparent resistivity data were inverted using

the algorithm proposed by Loke and Barker (1996) using
the software Res2dinv (Loke 1998). Five seismic profiles
(S1 to S5) with various characteristics (Table 3) were
acquired in the Sechilienne Basin (S1 and S2) and in the St
Barthelemy alluvial fan (S3-S5) (Fig. 2b). For profiles S1
and S3-S5, the classical P-wave refraction method (Burger
1992) was used to derive P-wave velocity values and the
geometry of the layers. The signals of the long (470 m)
profile S1 were recorded with 4.5 Hz geophones and the
dispersion curves of the Rayleigh waves were computed
and inverted for deriving the S-wave velocity profile.
Surface wave inversion was performed using the Geopsy
software (http://www.geopsy.org; Wathelet 2003). Reflec-
ted events were also picked and processed using the
formula of Dix (1955) in order to obtain a vertical Vp
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Table 2 Physical parameters of geophysical experiments: Electrical
profiles

Profile Ne Xe (m) L (m) D (m)
El 64 2.5 157.5 25
E2 80 + 16 5 475 65
E3 64 5 315 50
E4 80 5 395 65

E2 was performed using the roll-along technique with one cable of 16
electrodes

Ne number of electrodes, Xe electrode spacing, L profile length, D
approximate investigation depth

Table 3 Physical parameters of geophysical experiments: seismic
profiles

Profile Ns Ng Xe (m) T (s) F (Hz)
S1 5 48 10 5 2,000
S2 2 24 2.5 2 2,000
S3 5 24 2.5 2 2,000
S4 5 24 4 2 2,000
S5 10 24 5 2 2,000

Ns number of sources, Ng number of geophones, Xg geophone
spacing, T time length, F sampling frequency

profile in the basin. Profile S2 is a short SH refraction
profile performed in the basin for obtaining S-wave
velocity values in the shallow alluvial layers. Microtremors
were recorded at 22 sites spaced 250 m apart along the
Romanche valley (Fig. 2). Acquisition was made during
30 min with a three-component 5-s sensor and a sampling
frequency of 200 Hz. The records are cut in time windows
of 30 s and the Fourier amplitude spectra are computed and
smoothed using the processing proposed by Konno and
Ohmachi (1998). The H/V ratio at each station is obtained
by averaging the H/V ratios of all windows.

Position of the Belledonne Middle Fault (BMF)

Four ERT profiles (E1-E4, Fig. 2b) were performed on
both sides of the basin in order to locate the BMF to the
south of the Séchilienne basin, where it is hidden by
Quaternary deposits. BMF juxtaposes micaschists to the
west and amphibolites to the east (Fig. 2b), which are
likely to exhibit a strong contrast of electrical resistivity.
The four profiles were obtained after five iterations (Fig. 5)
with Root Mean Square (RMS) values lower than 3%. The
inferred models are therefore consistent with the data.
Profile E1 was carried out to the North of the Séchilienne
basin (Fig. 2b), where the position of the BMF is well
constrained by geological outcrops. Below a 3—10-m thick
resistive layer (a few thousands ohm m), interpreted as
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rock debris, the BMF is clearly evinced by a sharp lateral
contrast of resistivity, from 400 to 1,000 ohm m in the
micaschists to more than 3,000 ohm m in the amphibolites.
The resistivity value measured in the micaschists is con-
sistent with the results found in the same rocks close to the
Séchilienne landslide (Meric et al. 2005). Directly south of
the Séchilienne basin, the bedrock is covered by the Qua-
ternary alluvial fan where the village of Saint Barthélemy
is installed. One 480-m-long electrical resistivity profile
and one 57.5 m long seismic profile (E2 and S3, Fig. 2b)
were performed on this alluvial fan in order to determine
the fan thickness and to locate, if possible, the BMF
underneath. The 60-m-deep electrical image E2 (Fig. 5b)
shows little resistivity contrast with values ranging
between 400 and 800 ohm m on average. Only local
resistive spots are observed as well as a complex-shape
conductive zone below the stream flowing over the fan.
The seismic profile S3 performed at the eastern end of E2
(Fig. 2b) reveals the presence of three seismic near hori-
zontal layers with P-wave velocity values of 750, 1,500
and 3,200 m/s (Fig. 5b). The two-first layers probably
correspond to the alluvial fan material with the presence of
the water table (1,500 m/s) at about 14 m depth. The high
velocity (Vp = 3,200 m/s) measured in the third layer
indicates that the bedrock top is reached at 30 m depth.
Similar Vp values were found in the micachists by Meric
et al. (2005) on the other bank of the Romanche River.
Resistivity values (400-800 ohm m) below 30 m are con-
sistent with the presence of micaschists and do not show a
lateral contrast. These results suggest that the about 30 m
thick alluvial fan is made of partially saturated to saturated
medium-size material overlying micaschists with similar
resistivity values. The BMF is thus not seen on the elec-
trical image and the contact between micaschists and
amphibolites has so to be eastwards located. Two other
electrical tomography sections (E3 and E4) were conducted
to the South of the Séchilienne basin (Fig. 2b), where BMF
is buried below thin till deposits. The eastern ends of the
two profiles were positioned on the amphibolites. On the
E3 section, below the resistive moraine layer (over
2,000 ohm m with some high resistivity zones probably
due to the presence of pebbles and boulders in the mor-
aine), the image (Fig. 5c) exhibits a sharp lateral increase
of resistivity from the west (500-800 ohm m) to the east
(more than 2,500 ohm m). The superficial conductive zone
(less than 600 ohm m) observed between 140 and 180 m of
distance corresponds to the location of a spring at 160 m
characterized by a conductive water (measured around
25 ohm m) which locally decreases the ground resistivity.
Two seismic profiles were performed along this E3 section:
S4 at the western end of E3 and S5 centred over the spring
(Fig. 5¢). The seismic refraction interpretation reveals the
presence of three layers with P-wave velocity values of
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Fig. 5 West-East oriented ERT sections with seismic refraction
interpretation of S3, S4 and S5 profiles. a El resistivity profile,
RMS = 3.2%, five iterations. b E2 resistivity profile, RMS = 2.3%,
five iterations, P-wave velocity deduced from seismic refraction
interpretation of profile S3: (/) 600-800 m/s (2) 1,450-1,550 m/s (3)
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E4 resistivity profile, RMS = 2.3%, five iterations. Dotted line
deduced position of the Belledonne Middle Fault (BMF)

350, 1,000 and 3,200 m/s west of the spring, and 350, 700
and 4,500 m/s east of the spring (Fig. 5c). The overlying
soil layers are characterized by low P-wave velocity (less
than 1,000 m/s) suggesting that these layers are unsatu-
rated, in agreement with the relative high-resistivity values
(over 650 ohm m) measured along profile E3 (Fig.5¢c). The
bedrock top is reached between at 20 m to 30 m depth to
the west of the spring and at 10 m depth eastwards. This
10-m high step, associated at depth with significant lateral
velocity and resistivity contrasts (from 3200 m/s and 650

ohm.m to the west to 4500 m/s and 2500 ohm.m to the
east, Fig.5c¢), is interpreted as the trace of the BMF juxta-
posing micaschists and amphibolites. On the E4 section,
the electrical image (Fig.5d) also exhibits a sharp lateral
increase of resistivity from the west (400-700 ohm.m) to
the east (more than 2500 ohm.m) at 30 m depth. The very
high resistivity values (more than 8000 ohm.m) obtained in
the first five meters coincide with the presence of am-
phibolites blocks having fallen from the eastern slope.
Below, the high resistivity values (1000—-4000 ohm.m)
measured down to 30 m depth probably correspond to
unsaturated quaternary deposits (till) with the presence of
pebbles and boulders. The strong lateral resistivity contrast
at depth is also interpreted as the trace of the BMF.

Geophysical results show that the BMF is shifted 200—
300 m to the east (Fig. 2b, trace 3) compared to the fault
trace 2 drawn on the geological map (Barféty et al. 1972).
Considering a rectilinear geometry for the southern and
northern branches of the BMF (trace 3 in Fig. 2b) gives a
sinistral strike-slip displacement of about 375 m in the
centre of the basin, which could result from the activity of
the SFZ.

Basin investigation

Twenty-two single-station microtremor measurements
were made along the Romanche valley, downstream, into
and upstream the Séchilienne basin (labelled 1-22 in
Fig. 2b). Three H/V curves (stations 4, 12 and 16) and a
section with the 22 H/V ratios are plotted in Fig. 6. The
computed H/V curves exhibit two specific shapes according
to the position of the stations. First, downstream (Fig. 6a
and d) and upstream (Fig. 6¢, d) the Séchilienne basin, H/V
ratios show a well defined single peak with an amplitude
greater than 4 between 1.4-2 and 2-3.5 Hz, respectively.
The curve shape fits the criteria proposed in the SESAME
guideline (Koller et al. 2004) for a 1D resonance phe-
nomenon and the peak frequency values correspond to the
resonance frequency of the alluvial layers overlying the
bedrock. Downstream the basin, the peak frequency
decreases from 2.5 to 1.5 Hz (Fig. 6d), indicating a deep-
ening of the bedrock top. Less frequency variations are
shown upstream where the highest peak frequency values
are reached (around 3 Hz). Into the Séchilienne basin
(Fig. 6b, d), H/V ratios do not display a well-defined peak
with an amplitude higher than 3 over a wide low-frequency
band (0.3-1.5 Hz) in the centre of the basin and a steady
low H/V value (<2) near the basin borders. Such plateau-
like shapes were already observed on many valley or basin
edges where significant variations of the soft layer thick-
ness occur (Uebayashi 2003; Koller et al. 2004). Guillier
et al. (2006) simulated ambient seismic noise in 2D and 3D
structures in order to test the relevancy of H/V curves in
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Fig. 6 H/V curves at a Station 4
(downstream the basin), b

6
Station 12 (within the basin) and {5
¢ Station 16 (upstream the 24
basin). The arrows show the g 3
peak frequency. d Longitudinal > 2
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providing qualitative and quantitative information on site
features. They showed that H/V curves exhibit well-defined
peaks in the flat parts of the structures and plateau-like
shapes of low amplitude in parts with strong lateral sedi-
ment thickness variation. For such plateau-like H/V curves,
picking the frequency at the plateau cut-off (Fig. 6b)
generally overestimates the 1D theoretical resonance fre-
quency, resulting in a lower bound of the bedrock depth
value.

Two seismic profiles were conducted in the Séchilienne
basin (S1 and S2 in Fig. 2b) in order to characterize the
seismic velocities in the glacio-alluvial layers and to
determine the basin depth. Figure 7a shows the vertical-
component seismograms recorded along the 470-m-long S1
profile for the offset shot T5. They exhibit predominant
Rayleigh-type surface waves (R) which will be used further
for deriving S-wave velocity values. Refracted P-waves
were first analysed and the time-distance graphs for the
direct and reverse shots (T2 and T4) are plotted in Fig. 7b.
They show the presence of three layers with P-wave
velocity values of about 700, 1,400 and 2,300 m/s,
respectively (Fig. 7d). The relatively low velocity
(Vp =~ 2,300 m/s) within the third layer indicates that the
bedrock was not reached and probably corresponds to deep
saturated glacio-alluvial sediments. The similarity of the
curves and of the P-wave velocity values for direct and
reverse shots indicates that layers are near horizontal. The

@ Springer

1500 2000 2500 3000 3500

B c

640 M 6
]

5 5

4 ] 4

3 Al 3

2440, N 2

1 1

o ot —

05 1 2 4 6810 20 os 1 2 4 6810 20

FREQUENCY (Hz) FREQUENCY (Hz)

GEOPHONE NUMBER
10 15 20

ESTIMATED BEDROCK DEPTH (m)
)
HV VALUE

o
(=]
(=]

4000 4500 5000 5500
DISTANCE (m)

water table (Vp = 1400 m/s) was found at about 8 m
depth. The Rayleigh wave dispersion curve was extracted
between 5 and 20 Hz and is plotted in Fig. 7c. Phase
velocity values vary between 400 m/s at high frequency to
650 m/s at low frequency. This curve was inverted using a
three-layer model and the obtained S-wave velocity profile
is shown in Fig. 7d with Vs values of 300, 600 and 850 m/s
in the 3 layers. These values are consistent with the results
of the SH refraction profile S2 (Fig. 7d). S-wave velocity in
the shallow layer (4—7 m thick) is about 300 m/s and
dramatically increases to reach 650-800 m/s in the con-
solidated alluvial layers. Similar to the refraction
experiment, the surface wave investigation was not deep
enough to reach the bedrock. We then attempt to find out
reflected events in the measured seismograms using clas-
sical processing techniques. Figure 8a shows the signals of
shot TS5 after applying a 50-100 Hz band pass filter
(Fig. 8a). The obtained seismic record reveals four well-
defined reflected waves (R1-R4 in Fig. 8a), whose analysis
yields the P-wave seismic profile of Fig. 8b. The P-wave
velocity values (2,200-2,500 m/s) are consistent with the
ones found in the refraction analysis. R1-R3 events prob-
ably correspond to seismic impedance contrasts in the
alluvial filling. After normal move-out, the stronger
reflection in the seismograms (R4) appears between
300 ms (for shot T1) and 340 ms (for shot T5) TWT,
corresponding to depth values between 330 m to the west
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and 370 m to the east (Fig. 8b). This main reflector prob-
ably coincides with the interface between the bedrock and
the sediments.

In order to evaluate the thickness of the sedimentary
deposits along the valley, we have computed the ellipticity
curve for 7-layers of 1D velocity models defined from
seismic experiments (Fig. 9a). Vp and Vs values in the first
three layers (to 50 m depth) are given by the seismic
refraction and surface wave inversion results, while Vp
values in the three deeper sedimentary layers are provided
by the analysis of reflected waves (Fig. 8b). S-wave
velocities for these layers are derived from P-wave
velocities, keeping the Poisson’s ratio of 0.42 obtained in
the third layer. For the P-wave velocity in the crystalline

substratum, we took the value of 4,000 m/s measured by
Meric et al. (2005) at 100 m depth in the micaschists. A
corresponding value of 2,000 m/s for S-wave velocity was
obtained considering a Poisson’s ratio of 0.33. Ellipticity
curves were computed for five models with sediment
thickness H increasing from 100 to 400 m. The velocity
profiles were linearly adjusted to the bedrock depth, from
the second to the seventh layer (Fig. 9a). Ellipticity values
are plotted versus frequency in Fig. 9b. For these 1D
models, the curves exhibit a clear peak at a frequency,
which decreases when the thickness H of the glacio-allu-
vial deposits increases. The comparison between the
computed ellipticity curves (Fig. 9b) and the experimental
peak frequency values (white dots in Fig. 6d) allows
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sediment thickness values to be estimated below each
measurement point (see the depth scale in Fig. 6d). Along
the H/V profile, the sediments display two zones of
increased thickness. East of the profile (geophones 17-20
on Fig. 6d) the sediment thickness reaches 150-170 m.
Over the Séchilienne basin (geophones 10-13 in Fig. 6d),
the thickness abruptly increases to 300-350 m. In the
deeper part of the basin, thickness values obtained from the
H/V curves are well correlated with the reflector analysis
which found the bedrock depth to be between 330 and
370 m (dotted line in Fig. 6d). The striking feature of the
basin longitudinal profile is the strong asymmetry with a
steeper eastern boundary. This boundary can be interpreted
as the superimposition of two cumulative weakening
effects: (1) the contact zone between the micaschists and
the amphibolites (BMF) and (2) the SFZ trace.

Discussion

The data presented in this paper allow evaluating the
consistency of each of the two hypotheses proposed for the
basin formation.

Pull-apart activity

This interpretation is based on the lozenge shape of the
Séchilienne basin and on the tectonic significance of the
N110 trending rectilinear slope break, which affects the
oldest alluvial fan (cone 1) of the Saint Barthélemy torrent.
In the pull-apart hypothesis (Pothérat and Alfonsi 2001),
the slope break would correspond to the southern branch of
a dilational jog along a major sinistral strike-slip N110
fault zone, whereas the northern branch would correspond
to the present day N110 northern boundary of the Séchi-
lienne basin. Our geological and morphological
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observations, along the structural measurements at differ-
ent scales (including on the right bank in the micaschists
downstream the Sechilienne basin, site 4), do not, however,
confirm the existence of such a N110 major sinistral fault
zone. On the contrary, our study has revealed the existence
of a left lateral N8O trending strike-slip fault (SFZ, Fig. 3)
which could explain the sinistral displacement of about
375 m between the northern and southern branches of the
BMF in the centre of the basin. The hypothesis that these
two branches can be joined through a virgation is unlikely,
as the BMF trace at the regional scale does not exhibit such
abrupt geometry changes.

In such a pull-apart model, any increment of displace-
ment along the main fault should create a free space
causing the topographic basin surface and the frontal part
of cone 1 to subside. Taking into account the present-day
basin surface geometry (1000 m x 750 m) and a depth of
350 m (determined from H/V and seismic data), a simple
computation model based on a constant infilling volume
(before and after incremental opening) shows that the N110
horizontal displacement needed to obtain a 25-m subsi-
dence (maximal measured height of the slope break) ranges
from 70 m for a rectangular transverse vertical section to
130 m in the case of a triangular transverse vertical section.
Since the slope break is dated post-Wiirm (Barféty et al.
1972), the mean inferred strike-slip velocity is then about
4.5-8.6 mm/year. In the studied area, the potential maxi-
mal magnitudes estimated from the historical and the
instrumental seismicity recorded during the last 20 years
by the Sismalp network (Mp < 3.5) are lower than
My, = 5.5 (Thouvenot et al. 2003). The scale laws (e.g.
Wells and Coppersmith 1994) that express the magnitude
versus the displacement at the ground surface show that a
M = 5.5 seismic event would generate a displacement of
about 1 cm, whereas a M; = 7.5 seismic event would
generate a displacement of about 10 m. In the case of the
Séchilienne basin, the 4.5-8.6 mm/year values imply either
(1) a recurrent seismic activity corresponding to a
My, = 5.5 seismic event per year during a 15,000-year
period on a 2-km-long fault rupture surface, or (2) 7-13
seismic events with a M} = 7.5 on a 100-km-long fault
rupture surface during the same period of time. None of
these two extreme scenarios matches the seismo-tectonic
and morphologic features of the area. The Séchilienne pull-
apart basin model then appears to be weakly supported by
the data. Moreover, in tectonically active zones such as the
French south eastern alpine foreland, the estimated Qua-
ternary to present-day deformation rates along the major
strike slip faults (like the Middle Durance Fault) show
values ranging from 0.01 to 0.1 mm/year (Siame et al.
2004; Cushing et al. 2007). The post Wiirmian deformation
rates resulting from the Séchilienne pull-apart hypothesis
are thus not consistent with such low rates.
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Quaternary erosion processes

In the Alps the geometry of the valleys results from the
combined erosional activity of glaciers and rivers. The
glacier effect was to broaden valley bottoms and to gen-
erate multiple steps and overdeepenings tens to hundreds of
metres deep (MacGregor et al. 2000; van der Beek and
Bourbon 2008). Several hypotheses have been put forward
for explaining the generation of steps and overdeepenings:
variations in glacier length over multiple climate cycles,
tributary junctions, variations in lithology or rock resis-
tance and inherited tectonic patterns (MacGregor et al.
2000; Anderson et al. 2006; Molnar et al. 2007). Geo-
physical measurements performed along the Romanche
valley evidence the presence of two overdeepenings in the
Romanche floor profile. The upstream shallowest one
(150-170 m in depth) is located within the amphibolites at
the crossing at depth of the SFZ. It probably results from a
selective erosion process led by this fractured zone. The
downstream deepest one (about 350 m in depth) is located
within the micaschists across the Séchilienne basin and
exhibits a strong asymmetry. Its steep eastern boundary
corresponds to the contact between amphibolites and the
more erodable micaschists, which was shown by geo-
physical data to be shifted 375 m upstream when compared
to the trace drawn in the geological map. This significant
bedrock deepening along with the broadening of the valley
(Séchilienne basin) probably stems from the strong litho-
logical contrast between amphibolites and micaschists. In
this interpretation, the lozenge basin shape results from the
glacier and river erosion activity on a heterogeneous and
strongly fractured area located at the junction of two
inherited fault zones (SFZ and BMF). The rectilinear slope
break truncating the post-Wiirm cone 1 of the Saint Bart-
hélemy torrent is assigned to one of the catastrophic floods
along the Romanche valley (Bailly-Maitre et al. 1997),
resulting from a sudden emptying of the Bourg d’Oisans
natural paleo-lake (Fig. 1b). This interpretation is sup-
ported by the presence of a similar but smaller scarp
affecting cone 2 in the same fan complex (Fig. 4) and by
the observation of three truncated alluvial fans upstream
the Séchilienne basin (Fig. 1b). The slope break of cone 1
could be due to the last registered catastrophic flood of
1219 and the truncation affecting cone 2 to one subsequent
minor event. Chronological data have to be acquired to
confirm this hypothesis. The NI110 striking northern
boundary of the Séchilienne basin does not present a rec-
tilinear global trending. In detail, the contour line is jagged
and it was made by a succession of erosion surfaces. These
erosive directions follow preferential fracture directions
unroofed by the Romanche river activity.

Conclusions

The peculiar lozenge-shaped Séchilienne basin was the
subject of a multidisciplinary study combining geophysi-
cal, geological and geomorphological investigations.
Seismic data (microtremor measurements and reflected
waves) revealed a significant valley floor overdeepening
(from 100 to 350 m depth) across the Séchilienne basin,
exhibiting a strong asymmetry with a steep eastern
boundary. This overdeepening is aligned with the south-
ern branch of the near-vertical Late Paleozoic BMF, as
located by the ERT profiles. This fault was displaced
eastward 375 m with respect to its trace on the geological
map. This BMF shift was attributed to a N80 sinistral
strike slip fault so-called Séchilienne Fault Zone (SFZ)
which was observed on the right bank of the amphibolite
gorges just upstream the Séchilienne basin. An overdee-
pening of the valley floor (from 100 to 170 m) was
observed in the eastern prolongation of this fault. No sign
of recent activity along this fault was evidenced by our
study. Data interpretation suggests that the Séchilienne
basin geometry results mainly from the Quaternary glacial
erosion across a major lithological contrast, between
amphibolites to the east and more erodable micaschists to
the west. The rock erodability in the zone was magnified
by the intersection of two inherited structures, the BMF
and the Sechilienne Fault Zone. The NI110 striking
northern boundary of the basin does not correspond to any
major fault zone. It was formed by a succession of ero-
sion surfaces produced by the Romanche activity and led
by the existing fracture pattern. In the southern side of the
basin, the N110 rectilinear scarp truncating the post-
Wiirm cone 1 of the Saint Barthélemy nested cones sys-
tem is interpreted to be due to one of the major floods
which occurred along the Romanche valley. The tectonic
origin of this scarp was shown to be weakly supported by
the seismicity and geological data. In the micaschist
domain, the concentration of gravitational instabilities
suggests that the landslide hazard assessment may depend
on recent Quaternary processes reworking a previously
mechanically weakened massif. The scope of this work is
that the Séchilienne lozenge-shaped basin was partly
controlled by Quaternary glacial and fluvial erosion pro-
cesses reworking the previous geological and structural
framework of the Belledonne massif.
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