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The effects of late Alpine tectonics in the morphology of the
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Abstract

Several swath profiles, drainage morphometric parameters, slope and drainage density maps were obtained by DTM analysis of

the Argentera Massif (Western Alps). The spatial distribution of the analysed parameters indicates that the central-southern sector is

characterized by orographic and drainage characteristics very different from the rest of the Massif. Two main systems of NW- and

WNW-trending faults, the Orgials Fault and Valletta Fault, bound this area. Both faults belong to large-scale fault zones: the

dextral strike-slip Bersezio Fault and the south-facing Colle del Sabbione thrust. The orientations and kinematics of both faults

indicate a late Alpine (Pliocene to recent) SW-verging thrusting coupled with a dextral strike-slip movement. The central-southern

sector of the Massif corresponds to the hanging wall of a SW-verging late Alpine thrust zone, and underwent the highest post

Pliocene tectonic uplift in the Argentera Massif. The uplift occurred in a transpressive setting with an N–S shortening direction,

which is consistent with the post-Pliocene tectonics in the southern portion of the Western Alps.

r 2002 Elsevier Science Ltd and INQUA. All rights reserved.

1. Introduction

The Cenozoic uplift and exhumation of the Argentera
Massif is due to both active tectonics and isostatic
release, which characterized the late Alpine (Pliocene to
recent) evolution of the Western Alps chain (Debelmas,
1986). The exhumation history of the Argentera Massif,
reconstructed for the last 8 Ma on the basis of apatite
and zircon fission tracks, is characterized by mean
denudation rates of 0.25 mm yr�1 in the late Miocene–
Pliocene (8–3 Ma) and 0.8–1 mm yr�1 for the Pliocene–
present (3–0 Ma) (Bigot-Cormier et al., 2000; Bogdanoff
et al., 2000).

In the Argentera Massif, the denudation processes
mostly correspond to the glacier and fluvial erosion
(Federici et al., 2001a; Julian, 1980), which, since the late
Miocene, have affected the Variscan basement (Iawors-
ky and Curti, 1960). However, even though these
processes involved the whole Massif, there is a big
difference in the landscape between the Italian and the
French sides, northeast and southwest of the main
watershed, respectively. Deeply incised steep slopes on

the Italian side strongly contrast with the smoother
landscape of the French side. These regional morpho-
logic differences (Ribolini, 2000) and the fission track
thermochronology (Bigot-Cormier et al., 2000) indicate
a spatial variation in the late Alpine exhumation
processes throughout the Massif. It is likely that this is
related to differential vertical motions of the crystalline
blocks within the Massif.

The aim of this work is to investigate, through
integrated geomorphic and structural analysis, the
relationships between topography and active tectonics
in the Argentera Massif. A long wavelength geomorphic
analysis was carried out using a 50 m digital elevation
model (DEM). Five serial swath profiles, nearly
perpendicular to the Alpine structures, were traced in
order to analyse: (i) the maximum, minimum and mean
elevation; (ii) the local relief; and (iii) the depth of
landscape incision. The drainage network, automatically
extracted by the DEM, was processed to obtain a
drainage density map and several geomorphic related
parameters. In key areas, a structural analysis was
performed in order to investigate the main tectonic
structures responsible for the recent vertical movements.
A model which explains the Pliocene to the recent
morphotectonic evolution of the Argentera Massif is
presented.
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2. Geomorphological and geological outline

The Argentera Massif is the southernmost part of the
External Crystalline Massif in the Western Alps (Fig. 1),
with the Italy–France border running along the main
watershed. In this Massif, where the maximum eleva-
tions exceed 3000 m a.s.l., the landscape is the product
of glacial, periglacial, hillslope and fluvial processes. The
valleys were deeply shaped by Quaternary glaciers that
abandoned large frontal and lateral moraines from 700
to 2600 m a.s.l. (Federici and Pappalardo, 1991). Six
small glaciers are still present in the area and the
present-day Equilibrium Line Altitude has been esti-
mated at about 2800 m a.s.l. (Federici et al., 2001b;
Pappalardo and Rapetti, 2001). The Argentera Massif is
drained by four main rivers, the Gesso and the Vesubie
rivers in the south, and the Stura di Demonte and the
Tin"ee rivers in the north.

From a geological point of view, the Argentera Massif
corresponds to a wide outcrop of the European Variscan
basement in the outer Delfinese Zone (Fig. 1). The
basement consists of high-grade metamorphic and
intrusive rocks, the latter of late Carboniferous
(290 Ma) age (Ferrara and Malaroda, 1969), uncon-
formably covered by a marine sedimentary succession
of late Carboniferous–Cenozoic age, partly detached at

the level of the Triassic evaporites (Malaroda et al.,
1970). The area analysed in this paper only includes
the crystalline basement outcrops and consequently
can be considered uniform from a lithological point
of view.

The main tectonic lineaments in the basement are the
NW-trending Ferriere-Molli!eres Line and the WNW-
trending Fremamorta-Colle del Sabbione Line. Both
represent late Variscan shear zones characterized by
steeply dipping mylonitic rocks. The Alpine tectonic
history of the Variscan basement and marine sedimen-
tary cover is characterized by two deformational phases
(Bogdanoff, 1986). The D1 phase (Oligocene) led to fold
and thrust development, the latter being responsible for
the cover detachment at the level of the Triassic
evaporites level. During the D2 phase (Upper Mio-
cene–Pliocene), some slices of basement were thrust over
the overlying cover. These structures correspond to the
Tortisse, Sespoul, and Colle del Sabbione thrust zones
(Fig. 1). Coeval reverse and strike-slip fault systems (e.g.
Bersezio Fault; Fig. 1; Labaume et al., 1989), re-
activated the older Variscan tectonic lines with the
development of cataclastic rocks along narrow bands
nearly parallel to the late Variscan mylonites. Most of
these structures were activated at different times along
the same tectonic lines with SW vergent and right lateral

Fig. 1. Geological sketch map of the Argentera Massif (simplified from Bogdanoff et al., 2000). (1) Permian–Triassic sedimentary cover;

(2) Malinvern Granite; (3) late Variscan mylonites; (4) Malinvern Complex; (5) Tin"ee Complex; (6) Alpine thrust; (7) Alpine strike-slip fault; (8) Italy

France border; (9) Trace (a) and computing area (b) of swath profile.
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compressive movements (Bogdanoff, 1986; Labaume
et al., 1989).

According to Frechet (1978), this sector of the western
Alps was characterized by a NE–SW shortening
direction in the Oligocene–Miocene, which turns to a
NS direction in the Upper Miocene–Pliocene. Recently,
Madeddu et al. (1996), on the basis of seismotectonic
and microstructural data, stated that active tectonics
in the southern portion of the Western Alps
is dominated by N–S and NE–SW shortening
directions. Within this context the Argentera Massif
has been interpreted as a pop-up structure in a
compressional NE–SW late Neogenic tectonics (Fry,
1989).

3. Orographic features

3.1. Swath profiles

Five swath profiles, following the Burbank (1992) and
Fielding et al. (1994) methods, were traced transversally
to the current axis of the Massif (Fig. 1), in order to
provide a quantitative assessment of the morphological
differences between the Italian and the French sides of
the Argentera Massif. The swath profiles, between 24
and 35 km long, were first drawn on the DEM. Along
each profile, five parameters were automatically calcu-
lated every 1 km and were averaged on a surrounding
area (8� 1 km2) using specific GIS functions. The
computing area (8 km2) was chosen to be large enough
to avoid problems related to the influence of different
river orientations within the two sides of the Massif,
always averaging more than just one valley. The
parameters taken into account are: (i) minimum, mean
and maximum elevation (Emin;Emean;Emax); (ii) local
relief (r ¼ Emax � Emin); and (iii) depth of landscape
incision (d ¼ Emax � Emean) (Fig. 2).

In profiles 1 and 2 (Fig. 2), the different extension of
the crystalline basement makes comparison between the
opposite sides of the chain difficult. Nevertheless,
considering the first 5 km NE and SW far from the
chain axis, the general trend is asymmetric and the
elevation parameters (Emax;Emean;Emin) are higher on
the Italian side (NE) than on the French side (SW). Even
though in the northernmost swath profile (profile 1) the
asymmetry is less evident (Fig. 2), the Italian side is still
characterized by a higher altitudinal landscape than the
French one.

Profiles 3–5 show a relatively common trend of the
different analysed parameters. In these profiles, the
Italian side is characterized by mean elevation and r

values usually higher than those of the French side.
Emean and r relative maximums are located on the
Italian side, at a distance of 4–8 km from the main
watershed, in correspondence of the Gesso Valley and

Vallone d’Orgials-Colle della Lombarda sector. More-
over, low d values are characteristic of the French side,
while the maximum values are reached again on the
Italian side at a distance of 6–8 km from the main
watershed.

Fig. 2. Swath profiles showing Emin; Emean; Emax; r and d: Location in

Fig. 1.
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3.2. Slope map

The DEM was processed in order to obtain a slope
map of the area (Fig. 3). The analysis was carried out at
a 50 m resolution. Similar to the swath profiles, the slope
map clearly shows an evident difference between the
Italian and French sides, especially in the southern
portion of the Massif. Steep slopes (mean value 311, max
701, high frequency of the highest slope classes) deeply
incised by water channels characterize the Italian side,
while the French side is shaped more regularly with
gentle and smooth slopes (mean 281, max 651, high
frequency of the middle slope classes). In particular, the
Gesso Basin has a mean slope of 301 with a maximum
slope of 711 and a very high frequency of the highest
slope classes (dark tones in Fig. 3).

4. Morphometric properties of the Italian side drainage

network

Due to the different orographic assessment, we
focused on the drainage density and morphometry of
the Italian side of the Massif.

4.1. Drainage density

The drainage density was automatically extracted
from the DEM of the area (Fig. 4). First, the flow

directions and accumulated area matrixes were calcu-
lated in order to obtain a new grid with cell values
correspondent to the upstream drainage area. Following
the most common method (Mark and O’Callaghan,
1984) of identifying channels on a DEM as all points
with a certain upstream contributing area above them
(‘‘flow-accumulation’’ or ‘‘contributing-area’’ method),
four different contributing area thresholds (20–25–30–35
pixels, correspondent to 0.05–0.0625–0.075–0.0875 km2)
were tested. For a sub-sample area the networks
obtained from the DEM were compared with the one
drawn on high-resolution topographic maps. Even
though some errors were encountered in the low
gradient areas (eventually removed), the network
obtained from the DEM with a 25-pixels threshold
(0.0625 km2 of minimum accumulated flow area) was
found as the closest approximation to the topographic
one. Once the drainage network had been derived,
specific GIS functions allowed the automatic evaluation
of the drainage density for a unit cell of defined area
(1 km2). The result was expressed by a drainage density
grid map (Fig. 4), where the attribute value of each cell
is the cumulative length of the channels within the cell
(km) divided by the area of the cell itself (km2).

The drainage density varies from 0.5 to 6.5 km/km2,
with low values along the main river stems, especially in
the upper Tin"ee valley (French side). A high value of
drainage density (>4.5 km/km2) belt, roughly parallel to
the main watershed divide, can be observed on the

Fig. 3. Slope map (values in degrees). Dotted line: Italy–France border, dashed line: main river, solid line: trace of swath profile.
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Italian side, with the highest values corresponding to the
head valleys of the Gesso Basin (Fig. 4). This belt of
higher drainage density is spatially coherent with the
maximum values of the Emax; d and r; as shown in the
swath profiles 3–5 (Fig. 2).

4.2. Stream order analysis

Specific morphometric parameters of the drainage
network, generally investigated in active tectonic areas,
were evaluated (Tables 1 and 2). The drainage network
was first ordered following the Horton–Strahler method.
Specific GIS functions were used to evaluate the channel
gradients (Table 2), the bifurcation ratio Rb (Strahler,
1957), the direct bifurcation ratio Rbd; the bifurcation
index R (Avena et al., 1967), being Rb ¼ Nu=Nuþ1;

Rbd ¼ Ndu=ðNuþ1Þ and R ¼ Rb � Rbd (where N=number
of channels, u=order and Ndu=number of streams of
order u that flow directly into streams of order u þ 1)
(Table 1). According to Avena et al. (1967), the
hierarchical organization is better highlighted by the
bifurcation index more than any other parameters,
weighting both the bifurcation and direct bifurcation
ratios. In particular, the morphometric parameters
referred to the I–III order streams are very useful in
order to find areas with different tectonic activity by
comparing the spatial variation of their values.

The parameters referring to the Gesso Basin (Table 2)
were extracted and compared to those of the whole
study area. The Gesso Basin channel gradients show
mean values higher than those for the whole area, with
the highest difference in the second order (45 vs. 37).

Fig. 4. Drainage density map of the Italian side (values in km/km2).

Table 1

Comparison of the morphometric indexes

Channel gradient (%) 1st order 2nd order 3rd order 4th order 5th order 6th order 7th order

(a) Morphometric indexes of the whole Italian side

Min 0 0 0 0 2 2 1

Max 144 100 67 46 14 7 2

Mean 46 37 27 13 7 4 2

(b) Morphometric indexes of the Gesso basin

Min 0 0 0 0 5

Max 44 94 67 46 14

Mean 53 45 34 13 9
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Also, the other morphometric parameters of the basin
are generally higher that those of the whole area,
especially the bifurcation index.

5. Structural analysis

Mesoscopic scale structural analysis was performed
within the Vallone D’Orgials-Colle della Lombarda and

Valle della Valletta areas in the central and southern
sectors of the Argentera Massif, respectively, corre-
sponding to the swath profiles 3 and 4. In both areas,
selected on the basis of their geomorphic parameters,
two fault zones, named Orgials Fault and Valletta Fault,
were recognized in the field. These faults, cross-cutting
the Variscan metamorphic and intrusive rocks, are
nearly parallel or make a low angle with both
metamorphic and mylonitic structures in the Variscan
basement.

5.1. Orgials Fault

Along the northeastern flank of the Vallone d’Orgials,
a narrow band of intensely faulted and fractured rocks
at a height of 2250 m a.s.l. defines the Orgials Fault. On
the surface, this fault corresponds to a series of parallel
NW-trending morphologic culminations that terminate
at the Colle della Lombarda (Fig. 5). Other minor
systems of steeply dipping faults also occur along the
eastern flank of the valley at an elevation lower than
2150 m a.s.l. (Fig. 5).

The fault planes strike NW–SE and moderately to
steeply dip towards NE (Figs. 6a and 7a). Slickenside
striae on the fault planes plunge toward NE or NW. The
former correspond to down-dip lineations while the
latter are moderately to gently plunging oblique linea-
tions (Fig. 7a). The attitude of slickenside lineations and
the kinematic indicators are consistent with a top to
southwest reverse movement on the fault planes with a
minor right lateral slip component. Some centimeter
wide brittle shear bands, with cataclastic deformation
locally occur in association with fault planes in the Colle
della Lombarda area. These structures show S–C fabric

Table 2

Comparison of the channel gradients

u N Rb Nd Rbd RðRb � RbdÞ

(a) Channel gradients of the whole Italian side

I 3649 1859

4.16 2.12 2.039

II 878 593

3.55 2.40 1.154

III 247 150

4.41 2.68 1.732

IV 56 29

4.31 2.23 2.077

V 13 13

3.25 3.25 0

VI 4 5

2 2 0

VII 2

(b) Channel gradients of the Gesso basin

I 1164 528

4.56 2.07 2.49

II 255 142

4.11 2.29 1.82

III 62 13

3.65 0.76 2.88

IV 17 4

4.25 1 3.25

V 4

Fig. 5. Panoramic view of Orgials Fault in the Valle d’Orgials–Colle della Lombarda area; (a) main fault; (b) minor fault.
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(Lister and Snoke, 1984) in which shear planes
correspond to thin (a few millimeters) cataclastic layers
(Fig. 8a). Shear sense indicators as S–C angular relation-
ships and imbricate tiling of clasts (mostly feldspars),

coupled with oblique slickenside striae on the shear
planes, indicate an oblique top to the southwest move-
ment with a component of right lateral slip. Minor
fracture systems and open joints striking NE–SW and
moderately to steeply dipping toward SE or NW are
associated with the faults. The Orgials Fault is parallel
to the Sespoul thrust cropping out immediately at
westward of the Ferriere–Molli!eres Line, along which
basement rocks are thrusted onto the Triassic sedimen-
tary cover (Fig. 6a).

Fig. 6. Structural sketch map of (a) Vallone d’Orgials-Colle della

Lombarda sector, (b) Valle della Valletta sector. (1) Alpine thrust;

(2) mean trend of Variscan foliation; (3) Alpine normal fault.

Fig. 7. Stereographic projections (Schmidt net, lower hemisphere) of

fault plane poles (filled circle) and slickenside lineations (filled

triangles). (a) Orgials Fault, (b) Valletta Fault.
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5.2. Valletta Fault

Along the Valle della Valletta to the east of Cima di
Fremamorta, a system of WNW-trending fault planes
steeply dipping towards NE (Figs. 6b and 7b) corre-
sponds to the Valletta Fault. On the fault planes, cross-
cutting high-grade paragneiss and late Carboniferous
intrusive rocks, down-dip slickenside striae plunge
steeply towards NE (Figs. 7b and 8b) and the shear
sense indicators are consistent with a reverse top to
south sense of movement. Moreover, within the fault
zone some centimeter wide brittle–ductile shear bands
also occur with cataclastic and mylonitic deformation.
These structures, parallel to the fault planes, strike
WNW–ESE and dip steeply toward NNE. Down-dip to
oblique slickenside striae on the shear planes indicate
top to the south reverse movement with dextral lateral
slip.

The geometric and kinematic features indicate that
both these fault zones belong to the late Alpine fault

system which cross-cut the basement of the Argentera
massif. Indeed, the Orgials Fault lies on the southern
prolongation of the late Miocene–Pliocene dextral
strike-slip Bersezio Fault, (Horrenberger et al., 1978;
Labaume et al., 1989). The Valetta Fault lies on the
western prosecution of the late Miocene Colle del
Sabbione south-facing thrust, along which Triassic
rocks are tectonically pinched between basement rocks
(Malaroda, 1974).

6. Discussion

In active orogenic belts the prevalence of linear
erosion over areal erosion causes high values of local
relief, slope angles and drainage density, features
diagnostic of areas subjected to uplift processes (Gilchr-
ist et al., 1994; Burbank et al., 1996; Centamore et al.,
1996). In the Argentera Massif, the regional orographic
properties highlight that the watershed separates an
eastern region (Italian side) generally characterized by
slope, local relief and Emean values higher than those
recognized in the western region (French side). More-
over, at the scale of the whole massif, (i) the spatial
distribution of the drainage density, (ii) the local relief
maximums and (iii) the summit culmination alignments
(Emax), allow us to identify an area in correspondence to
the Vallone d’Orgials-Colle della Lombarda sectors and
the Gesso River Basin with orographic characteristics
very different from the rest of the Massif. This wide area
(central-southern portion of the Massif) is bounded on
the western and southern side by the Orgials Fault and
Valletta Fault. As shown in Figs. 9 and 10, the
alignment of these fault zones defines a large-scale
SW-vergent thrust zone, whose southeastern termina-
tion corresponds to the Colle del Sabbione Thrust. The
dominant high angle reverse movement coupled with a
dextral strike-slip shear along the Orgials Fault
(Fig. 9a), indicates that the thrust zone developed in a
transpressive tectonic setting, with the NNE–SSW mean
shortening direction (Fig. 10). The hanging wall of the
thrust zone corresponds to the Vallone d’Orgials-Colle
della Lombarda and the Gesso River Basin sectors, east
of the chain axis (Fig. 9); the footwall, with a smoother
and gentler landscape, is located west of the chain axis.
This reconstruction is consistent with the late Alpine
compressional tectonics in the southern Western Alps
(Fry, 1989), where earthquake focal solutions indicate a
present-day NE–SW shortening direction for the Ar-
gentera Massif (Madeddu et al., 1996).

Therefore, on the basis of the above reported
geomorphic and structural data, we suggest that
Pliocene to recent active tectonics led to a higher degree
of uplift in the central-southern section with respect to
the other portions of the Argentera Massif. This is
shown in Fig. 10, where this zone of highest uplift (large

Fig. 8. (a) Brittle shear zone in granitic rocks with S–C texture

associated with reverse fault (Colle della Lombarda); (b) reverse fault

in granitic rocks with down-dip slickenside striae on the fault plane.

Sense of movement top to SW.
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Fig. 9. Relationships between orographic trends (Emean values) and the location of the late Alpine thrust faults. (a) Orgials sector (profile 3 in Fig. 1);

(b) Valletta sector (profile 4 in Fig. 1); (c) Colle del Sabbione area (profile 5 in Fig. 1). (1) Tin"ee Complex; (2) Malinvern Complex; (3) reverse fault;

(4) strike-slip fault; (5) fault surface; (6) uplifted block.

Fig. 10. Schematic reconstruction of the area affected by the highest degree of uplift in the Argentera Massif. (1) Basement; (2) late Variscan

mylonites; (3) area of intense uplift (large cross corresponds to zones of highest culmination); (4) late Alpine thrust; (5) late Alpine fault; (6) main

shortening direction; (7) Massif watershed and Italy France border.
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crosses in the shaded area) lies immediately east of both
the Orgials and Valletta Faults. This scenario is in good
agreement with the recognized differential vertical
motions of blocks within the Argentera Massif, evi-
denced by apatite fission track analysis (Bigot-Cormier
et al., 2000). Moreover, Pliocene to recent denuda-
tion rate of 0.8–1 mm yr�1 for the central Argentera
(Bogdanoff et al., 2000), matches well with the suggested
tectonic uplift of this area as consequence of
southwestward thrusting along Orgials and Valetta
Faults.

7. Conclusions

In the southern portion of the Western Alps, late
Alpine active tectonics affected the Argentera Massif
landscape. Geomorphic analysis shows the presence of
an area (Vallone d’Orgials-Colle della Lombarda sectors
and the Gesso River Basin) with orographic and
drainage characteristics that can be considered anom-
alous with respect to the other sectors of the Massif. As
the lithology and the climate can be considered uniform,
differentiated denudation processes can be identified as
a tectonic signal in the long-term development of the
landscape. The morphometric parameters specifically
connected to active tectonics indicate that the central-
southern part of the Massif underwent the maximum
tectonic uplift with respect to the other sectors. The
structural data make it possible to define this area of
orographic and drainage anomalies, east of the chain
axis, as the hanging wall of a thrust zone, constituted by
the Orgials and Valletta Faults. This thrust zone
developed in a transpressive regime consistent with the
post-Pliocene tectonic evolution of the southern
Western Alps. Therefore, combining geomorphic and
structural results it can be argued that: (i) late Alpine
tectonics is a forcing factor in the distribution of surface
processes and (ii) different landscape development is
consistent with an active tectonics and differentiated
uplift processes within the Argentera Massif.
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