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Abstract

The geological formation known as the “Terres Noires” covers large areas of southeastern France, between the
Rhone valley and the pre-Alpine hills. This formation consists mainly of dark marls of the basal Upper Jurassic.
These marls are very susceptibility to weathering and are particularly prone to erosion, resulting in high solid
transport. This paper attempts to quantify this transport in experimental catchment areas, and shows that a forest
cover can play a major role in preventing this type of phenomenon. Weathering of this formation may also lead to
gravity instabilities in fresh marl (although this is rare) and, much more frequently, in the surficial weathered material.

1. Introduction

A predominantly marly, dark formation is found
in southeastern France with a thickness exceeding
2000 m in places. The formation is generally known
as the “Terres Noires” and was deposited during
the Jurassic in an extensive basin. The current
boundaries of this basin are approximately deline-
ated by the Rhéne Valley to the west, the latitude
of Grenoble to the north, the front of the internal
Alps to the east and the ridges of the Provence to
the south.

This formation is known for its high susceptibil-
ity to weathering and erosion, its instability and its
tendency to supply solid material to watercourses.

* Corresponding author.

0013-7952/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0013-7952(95)00053-4

This article analyses the weatherability of the
material and its role in erosion, solid transport
and surface instability. Analysis of the last two
aspects is based on the results of field measure-
ments conducted at experimental sites located in
the Digne and Barcelonnette regions (Fig. 1).

2. Stratigraphy

Stratigraphic studies (Artru, 1972) have shown
that the “Terres Noires” can be subdivided into
two units, both essentially marly, separated by a
harder median marker layer:

(1) The lower unit (upper Bajocian to lower
Bathonian) consists of black marls, cut into fine
platelets;
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Fig. 1. Location map showing the extent of the "Terres Noires".

(2) The marker layer (upper Bathonian and
lower Callovian) is harder, acts as a good reference
layer, and consists of clayey, occasionally dolomi-
tic limestone, with a brownish patina; and

(3) The upper unit (lower Callovian to the
middle Oxfordian) also consisting of marls cut into
platelets, with carbonated nodules.

Except for a few minor differences, this subdivi-
sion can be found throughout the area under
consideration.

3. Characteristics of the “Terres Noires”

The “Terres Noires’ consists of highly stratified
rocks, often exhibiting a fine bedding inherited
from their original deposition by turbidity cur-
rents. They include a detrital and a carbonated
phase.

From recent research on the physical and miner-
alogical properties of the formation, it was con-
cluded that the lower and upper units of the
stratigraphic series are very similar. The “Terres
Noires” can, therefore, be considered as a homo-
geneous lithological mass with average characteris-
tics as defined by Phan Thi San Ha (1992).

The carbonate content (made up essentially of

calcite) varies from 20 to 80% of the total volume,
with corresponding facies ranging from marls to
clayey limestones. The detrital phase comprisess
mainly silt (predominantly quartz) with a small
proportion of clayey materials (mainly illite). The
plasticity indices measured on the fine fraction
average 11%, thus confirming the silty nature of
the detrital fraction. In addition, methylene blue
tests reveal an almost total absence of smectites,
found only in small quantities in interstratified
minerals.

4. Weathering processes
4.1. Field observations

Areas devoid of vegetation revealed the
following structure of the weathered zone:

(1) A soft, disorganised, surface zone (some
ten cm thick) consisting of loose marl platelets;

(2) An intermediate unit (up to 50 cm thick), in
which the laminated structure of the “Terres
Noires” is preserved, marking the transition
between sound parent rock and the completely
weathered surface zone; and

(3) Intact rock, 30 to 50 cm below the surface
(determined by portable penetrometer tests,
Dumollard, 1984).

In areas with a dense vegetation cover, the
weathered zone is much thicker, and in some
places, exceeds several metres. In such cases, hori-
zontal landslides may occur at the contact with
the underlying intact bedrock, affecting on the
forest cover.

4.2. Analysis of the phenomenon

4.2.1. General

The “Terres Noires” exposed at the surface are
continually subjected to physical weathering pro-
cesses, producing a loose material consisting of
fine platelets (ranging in size from a few mm to
some cm). Eventually, the highly decalcified plate-
lets are totally disintegrated by water seepage.
They then form a silty overlayer with a particle
size close to that of the original sediment.

Phan Thi San Ha (1992) carried out laboratory
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tests on weathering phenomena by subjecting the
rock to alternating wet and dry cycles. After four
cycles, the laboratory material clearly resembles
the naturally weathered products collected on the
marl slopes. After ten cycles, the sieve curves of
the natural product (Fig.2a) and the product
obtained from the weathering test (Fig. 2b) are
found to be very similar. In this case, the curves
tend to shift towards finer values which indicates
a reduction in the mean particle size without
changing the size distribution. The fragmentation
process does not change. On the other hand, wet
sieve analysis leads to total dissociation of the
material accompanied by a certain change in the
shape of the curve. This change in shape is easier
to detect with the naturally weathered product
compared to the lab-tested product. Although care
should be taken when comparing curves resulting
from different processes, the wet sieve curve shown
in Fig. 2a is indicative for a material sedimented
by settling, probably corresponding to the initial
marine deposit. The highly permeable near-surface
weathered material is subjected to water circulation
whereas the underlying unweathered marl is largely
impermeable. Various physical and chemical
actions affect the weathered layer, especially the
loose surface material. When the slope is steep and
rainfall is heavy, numerous erosion gullies trans-
port loose surface material to the streams (bed
load). The distribution of the gullies appears to
be random. The remaining loose surface materials
are subjected to infiltration and slow percolation
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(especially with moderate rainfall ). Decalcification
of the permeable weathered horizons liberates the
calcite which is then carried by the water and is
deposited at the lower parts of the slopes, where
the subsurface circulation emerges. Here, the
calcite tends to form a very crumbly cement
between the platelets. Overall, a process of calcite
depletion occurs in the parent rock at the upper
part of the slopes, with calcite enrichment in the
weathered surface layer at the valley bottom (Phan
Thi San Ha, 1992). The material accumulated at
the valley bottom thus tends to obtain a certain
degree of cohesion which may reduce the erosion
and the effects of sheet runoff. This decalcification
process is determined by calcimetry and confirmed
by scanning electron microscopy, showing the
pores resulting from the dissolution of calcite. The
increase in porosity from intact rock to weathered
rock (honeycomb texture) confirms these observa-
tions. A 20-30% reduction in carbonate content
may cause a fourfold increase in porosity (Phan
Thi San Ha, 1992).

4.2.2. A special case

Locally, and exclusively in the vicinity of
Barcelonnette, the visual appearance of rocks
transported by landslides in the “Terres Noires”
are unique owing to intense weathering. These
rocks seem to have swollen and are subsequently
flaked and transformed into a mass of fine materi-
als which flow at the surface (Fig.3). Similar
behaviour was observed in smectite-rich weathered
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Fig. 2. Dry and wet sieve curves: a) on the natural weathering product of the "Terres Noires". b) by 10-cycle weathering test.
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Fig. 3. Photograph showing weathering of the "Terres Noires".

volcanites on the island of Reunion caused by
swelling. In this case another explanation must be
found (because there are no significant quantities
of smectites). Scanning electron microscopy
revealed a certain content of pyritic microgranules.
Through oxidation and hydration, these micro-
granules generate two separate phenomena: (a)
high-speed swelling of rocks exposed to water,
leading to accelerated production of fine materials,
(b) production of small quantities of sulphuric
acid which contributes to the decalcification of the
facies by the formation of gypsum.

5. Runoff/erosion processes

The “Terres Noires” formation displays the
same morphology as badlands (Descroix, 1985),
characterised by steep, rounded ridges, with verti-
cal sides (“‘elephant’s back’’), generated by a dense
drainage network because of their almost total
impermeability. A specific erosion process occurs
in these areas, promoted by the rapid disinteg-
ration of the material through weathering (cf.
Section 4). This causes voluminous solid transport
(cf. Section 6) and, in some cases, promotes surfa-
cial instability (cf. Section 7).

5.1. Non-localized surface erosion
It has already been shown (cf. Section 4.2) that

weathering of the “Terres Noires” is a continuous
process. During periods of no runoff (especially in

dry winters), the fine materials generated by weath-
ering provide a considerable amount of surficial
sediment available for transport by the first heavy
shower; the muddy runoff collects in reaches of
the local watercourses, and is then transported
downstream.

Saturation of the weathered layer may cause
solifluction. This mainly occurs on steep valley
slopes at the end of winters when abundant snow
has fallen, generating small mudslides and mud-
flows which also supply the reaches. The solifluc-
tion bulges are generally small and localized;
however, because they occur in many places in the
catchment area, they may be considered as a non-
localized process. (This hypothesis was adopted
when interpreting the measurements.)

These two processes (supply of a considerable
amount of loose material and saturation of this
weathered material) explain why the first major
spring event always causes a flood with a high
level of solid transport, and sometimes even a
debris flow.

Other important events are storms with high
rainfall intensities which destroy the structure of
the weathered layers, partly through splash effects,
promote marl platelet degradation into silt pro-
ducts and facilitate material transport by surface
runoff. Runoff tends to accumulate in small tempo-
rary gullies cut out in the valley slopes, finally
discharging into the permanent drainage channels.
In these small gullies, the solid transport can be
so strongly concentrated that the flow becomes a
miniature debris flow (Oostwoud Wijdenes and
Ergenzinger, 1995).

Because this non-localized surface erosion
occurs with each flood, it occurs much more
frequent than localized erosion (cf. Section 5.2).
This explains that erosion volumes on valley slopes
are closely related to the intensity and kinetic
energy of the rainfall (Borges, 1993).

5.2. Localized erosion

This type of erosion consists essentially of very
localized falls of debris from more calcified layers
which protrude as the result of faster erosion of
the more marly underlying layers. This process is
not necessarily linked to a specific rainfall event.
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Fig. 4. Sieve curves of deposits in the sediment trap of the Laval basin.

5.3. Erosion quantification

The experimental catchment areas developed at
Draix (southeastern France, 15 km northeast of
Digne, Fig. 1) were used to quantify erosion. Solid
transport was measured by two systems: (1) a
sediment trap storing all coarse sediments, and
some of the fine sediment, as shown by the sieve
curve (Fig. 4); and (b) automatic samplers located
downstream of the filter dam, providing con-
tinuous measurements of fines carried by the water.

The measurement operations, the difficulties
involved and the methods proposed for critical
analyses of the data and estimation of missing
data are described in Mathys and Meunier, 1989,
Cambon et al., 1990, and Borges, 1993.

The physiographical characteristics of the three
catchment areas are given in Table 1.

Table 1
Physiographical characteristics of the three Draix ERB catch-
ment areas

Basin Surface Mean Bareness  First year of
(hectares) slope rate data
(%) (%)
Roubine 0.1330 45 80 1984
Laval 86 22 78 1984
Brusquet 108 26 13 1987

(1) The Roubine is an order 0' basin which may
be considered as a geomorphological unit represen-
tative of the erosion processes: the slope of the
main reach (about 35% at the outlet) is too steep
to allow intermediate hydraulic deposits in the
reaches. The rain recording parameters explain the
erosion production very well (Borges, 1993).

(2) The Laval is an order 1 basin and consists
of several sub-catchments discharging into a drain-
age channel about 1 km long, with a slope varying
from 8 to 4%. Erosion, deposition and re-transport
thus occur with each flood. This explains the
necessity for flow parameters to explain the erosion
volumes.

(3) The surface area of the Brusquet is slightly
greater than that of the Laval; however, it is almost
entirely covered with forest and thus offers, by
comparison with Laval, an ideal opportunity to
study the effects of the forest on floods and erosion.

Annual volumes (in tonnes/ha year) are given
in Table 2. The values obtained for the Brusquet
in 1988-1990 are interannual values, because the
trapped volumes were too small to be measured
annually. The clear increase noted from 1992 is
due to the construction of a forest track. Despite
the fact that the values for the Laval catchment
for 1992 had to be estimated for the two months

1A channel of order n has one or several tributaries of order
lower than n and a maximum of one tributary of order n.
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Table 2
Annual erosion, mean and standard deviation, in Draix ERB (t/ha year)
1985 1986 1987 1988 1990 1991 1992 1993 m S

Roubine 118 262 163 174 89 138 132 350 163 177 81
Laval 91.3 159 166 103 64 181 135 (311) 176 154 7
Brusquet 2¢ 2 3 8 7 4 X
“Average of three years.
when no data were obtained, it was nonetheless 500
taken into account in the statistical calculations. t/ha.year

It can be seen that the erosion values measured 400 Return period T= 10 years
on the denuded “Terres Noires” exceed 100 t/ha T= 5 years

year, which is the value found for some of the
most erodible soils in the world (Walling, 1988;
Mahmood, 1987).

Table 2 shows that, in terms of erosion per
hectare of denuded ground, the mean annual
erosion rate is approximately the same in the
large and small catchment areas with a light
vegetation cover, although considerable variations
may arise in a given year. With dense vegetation,
however, the degraded surfaces are spread over
the entire catchment area and the erosion pro-
ducts cannot be easily transported to the drainage
network. Consequently, the erosion per hectare is
up to fifty times lower than that measured on
denuded basins.

The annual erosion rate on denuded ground
varies from one year to the next. The data obtained
fit Gumbel’s law fairly well (Fig. 5); an erosion
rate of 10-year return period is of the order of 220
to 270 t/ha year.

6. Solid transport

The erosion processes described in Section 4
above are complicated by the hydraulic phen-
omena which occur in the drainage channel (tem-
porary storage of sediments, deposition and
retransportation along the reaches). If solid trans-
port processes are to be modelled, it will be neces-
sary to combine a hydrological flood simulation
model, an erosion model, and, finally, a solid
transport model (Borges et al., 1994). The system
would, thus, be highly dependent on the nature of
the flow, i.e., the type of mixture and its behaviour.

’

300 T=2 years P

! Roubine,”
200 | ’

0 1 2
Gumbel variabie

Fig. 5. Statistical law of annual erosion in the Draix ERB.

6.1. Composition

Because the marl platelets disintegrate easily,
the particle size distribution of the transported
solids changes considerably during the transport
process, leading rapidly to a predominance of fine
materials. The ratio of the volume of materials
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Fig. 6. Variation in Deposited volume/Total sediment volume
ratio.
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Fig. 7. Variation in the nature of solid transport flow in the "Terres Noires" along the stream profile.

deposited in the sediment traps to the total volume
varies from one flood to another. The variation in
the average values calculated for a series of events
and as a function of the catchment surface area is
given in Fig. 6. Note that the decrease is very
rapid. For surface areas of over a few km?, it may
be assumed that coarse marly materials are virtu-
ally all destroyed, with only stones and gravel
from surface formations remaining for bed-load
transport. It is, therefore, reasonable to consider
only concentrated suspension transport.

6.2. Concentration and nature of fluids

The concentration of transported solids varies
considerably from one flood to the next. During
high floods experienced in spring, or during
summer storms after a long dry period, the solid
flow to liquid flow ratio may be as high as 30%
(concentration per unit volume?, C,=0.23). The
measuring system used in Draix does not provide
the concentration upstream of the sediment traps.

2The concentration per unit volume is equal to the solid volume
divided by the total volume.

On the other hand, from data obtained down-
stream of the traps, concentration values of up to
500 g/1 (C,=0.19) were obtained. These values are
of the same order of magnitude as those measured
on the tributaries of the Yellow River (Wang
Mingfu et al., 1985; Wang Zhaoyin and Larsen,
1994b). These flows fall in the category of hyper-
concentrated flows (Fig. 7) according to the classi-
fication of Meunier (1994), with rapid evolution
towards the fine material axis. When the concen-
tration per unit volume exceeds 0.45 to 0.5, the
small upstream gullies may also give rise to debris
flows that, in the different flow fields of Fig. 7, are
situated in the monophasic or muddy debris flow
category.

The flows observed in the “Terres Noires” may
thus be placed in different categories (Fig. 7),
although each category occurs in a different part
of the drainage channel: (1) on slopes with gradi-
ents from 40 to 70%, many miniature debris flows
occur during storms; (2) in the upstream gullies
(gradients from 15 to 35%), occasionally muddy
debris flows occur, but above all, hyper-
concentrated flows of coarse materials; and (3) in
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reaches with gradients from 4 to 12%, muddy
debris flows occur on rare occasions, but, above
all, hyperconcentrated flows of coarse materials,
quickly transforming into hyperconcentrated flows
with predominantly fine materials.

The types of flows thus change from upstream
to downstream in the ‘“Terres Noires”. This
change, shown on the general diagram of Fig. 7,
is typical of such solid material, due to the rapid
change from coarse to fine material.

6.3. Rheology

A rheology study of the fine part of the solids
from the “Terres Noires” was carried out for
extremely concentrated suspensions: C,=0.3-0.43
(i.e., 795-1140 g/1). The fiow curves obtained are
shown in Fig. 8. These fluids are non-Newtonian:
it is evident that their flow curves fit the
Hershell-Bulkley law very well. This law is
expressed as follows, in terms of 7 (t =shear stress,
du/dy =shear rate):

T=1c+k(du/dy)®3*
T<1C

if (du/dy)>0
if (du/dy)=0

The concentrations of the fine fraction alone
correspond to real fluids of higher concentrations
(C,>0.45-0.5), and thus to debris flows.

At very high concentrations, the flows from the
“Terres Noires” consist of fluids with an initial
yield stress t¢ which varies exponentially with the

P. Antoine et al./Engineering Geology 40 ( 1995) 223-234

1000 - —
s %
& 100 | - ——
3 * s |
2 \ 4 Serie }«103
o ) !
o !
5
1 — S
0.1 0,3 0.5 0.7

Volumetric concentration

Fig. 9. Yield stress against volumetric concentration for
Roubine solid material.

value of C,, as shown in Fig. 9 which is a typical
result for muddy suspensions (O’Brien and Julien,
1985; Coussot, 1993).

6.4. Hydraulics

Because the flows described above can be placed
in three different categories, it is necessary to apply
three different hydraulic theories.

6.4.1. Debris flows

The theory especially devised at Cemagref for
muddy debris flows (Coussot, 1994) using the
Henshell-Bulkley model, is well suited to this
category. At these very high concentrations, the

1000 = oo — e —
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n Points : Experiments for different samples and
different volumetric concentrations Cv
Curves : Hershel-Bulkley model for the
different concentrations Cv
1 _ B
0,01 0,1 1 10 100 1000

Shear rate (sec-1)

Fig. 8. Concentrated suspension flow curves for Roubine fine material fitted to the Hershell-Bulkley model.
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flows are completely laminar. However, it should
be noted that the flow front is often made up of
blocks of rock and that, up till now, no law has
been established to describe their behaviour.

6.4.2. Hyperconcentrated flows containing coarse
materials

The phenomena of hyperconcentrated flows with
coarse debris are very complex and have not been
studied in great detail. The law describing the
behaviour of such fluids is hypothetical. At the
Cemagref, the law applicable to river solid trans-
port was simply extrapolated: (1) the Newtonian
approximation was used for the liquid part of the
flow; (2) for solid transport, the hyperconcentrated
bedload transport formulae were used. These are
applicable to steep gradients and were established
from laboratory tests. These formulae give satisfac-
tory orders of magnitude for the coarse materials
deposited in the sediment traps at Draix (Borges,
1993; Borges et al., 1994). However it should be
noted that these results are valid only for small
upstream catchment areas and only for coarse
sediments.

6.4.3. Hyperconcentrated flows containing mainly
fine materials

Because coarse materials disintegrate into fines
or are deposited, hyperconcentrated flows of fine
materials are quickly obtained [concentrations
between 100 g/1 (C,=0.037) and 600g/1 (C,=
0.23)]. These flows pose difficult problems because
they probably remain non-Newtonian (Wang
Zhaoyin et al., 1994a). On the Laval, for example,
it was found that, for natural flow downstream of
the sediment trap, and for a concentration of
300 g/1 (C,=0.11), the fundamental hydrostatic
relationship is not verified (Cambon et al., 1990).
From the theoretical standpoint, these fluids create
a number of problems which have not yet been
properly elucidated: (1) the behaviour law to be
used; (2) the transition between low concentration
flows and hyperconcentrated flows; (3) the reduc-
tion of turbulence by suspended materials and the
existence of a maximum suspended material
content (Wang Zhaoyin and Larsen, 1994b).

7. Surfacial instabily

The Barcelonnette area (Fig. 1) displays numer-
ous landslides. Some slides are deep-seated, vary-
ing in depth from 30 to 60 m. Most were triggered
after the final retreat of the glaciers (Legier, 1977).
After periods of inactivity, some are reactivated
and are presently active (Salomé and Beukenkamp,
1988; Weber, 1994). It is worth noting that the
occurrence of deep-seated movements is not very
frequent in the “Terres Noires”. From this point
of view, the Barcelonnette region (Fig. 1) appears
to be unique.

The majority of the slides are shallow and are
developed in the weathered superficial top soils
including morainic slope formations. The maxi-
mum thickness of this soil cover ranges between 5
and 10 m, if deposited in depressions by solifluction
or ancient mass movement processes. Slides can
be triggered in such zones by long periods of
rainfall.

7.1. Geophysical and geotechnical characteristics of
the colluvial material derived from ‘“Terres Noires”

Geophysical methods proved to be helpful to
determine the depth of the sound “Terres Noires”
substratum beneath the colluvium (and thus the
potential depth of a slip surface) and to detect
variations in water content. (Caris, 1991).
Resistivity borehole logs in the colluvium, per-
formed in the Riou Bourdoux catchment near
Barcelonnette, gave values between 30 and 15 ohm
m depending on the water content. Deep resistivity
soundings revealed a gradual rise in resistivity in
the in situ “Terres Noires” over 2 m, rising from
75-80 ohm m to 150 ohm m, indicative of a
weathered zone on top of bedrock.

Seismic velocity measurements are a helpful
means of describing the base of the top soil due
to the excellent contrast in velocity between the
soft cover (about 340 m/s) and the bedrock (about
2500-3000 m/s) (Caris, 1991).

An intensive geotechnical investigation was car-
ried out at sites near Barcelonnette and Jausier, in
order to estimate strength values for the colluvial
“Terres Noires” material. On the basis of 131
drained direct shear tests (sample diameter 63 mm)
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the mean friction angle is 35.4” (variance 3.8) and
mean cohesion is 13.5 kPa (variance 49.1).

Drained triaxial tests on 19 samples (diameter
66 mm) show probably more realistic lower values
and higher variances {(mean friction angle: 24.7°,
var. 0.37; mean cohesion: 12.4 kPa, var. 243.5).
No significant differences were found in the mean
values of the strength parameters in the root zone.
Mulder (1991) explained that roots contribute to
the strength of the soil only for shear strains
greater than 0.4; conditions which are hardly met
during tests on small samples.

7.2. Hydrological characteristics of the weathered
“Terres Noires"”

Hydrological measurements were carried out at
two sites in the Barcelonnette area (near Jausier
and in the Riou Bourdoux). Fig. 10 shows values
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Fig. 10. Variation in saturated hydraulic conductivity with
depth for weathered colluvial "Terres Noires" material.
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of the saturated hydraulic conductivity measured
at different depths, with the inverse borehole
method (Oosterwegel and Van Veen, 1988). Two
layers can be distinguished in the colluvial material:
a relatively permeable top layer (layer 1) with a
thickness of 1 to 1.5 m, and a relatively imperme-
able sublayer (layer 2). The saturated hydraulic
conductivity in the top layer varies considerably,
ranging from 5 to 40 cm per day. Conductivity
values obtained from measurements performed on
25 x25x 25 ¢cm soil cubes gave far higher values,
ranging from 1.50 to 4 m per day (Caris, 1991).
Macropores and fissures play a major role in the
permeability of the top layer as evidenced by their
higher mean values and variances compared with
the sublayer. The colluvial material of layer 2 is
relatively impermeable with hydraulic conductivi-
ties ranging between 0.05 and 5 cm/day.

Tensiometer measurements at different depths
in the colluvium were perfomed with a view to
understanding the behaviour of water in layer 1
and the more impermeable colluvial material
beneath. The water clearly concentrates in the top
layer due to the contrast in hydraulic conductivity
between layer 1 and layer 2 (Fig. 10). In fact, the
water concentration in the layer 1 controls the
flows into layer 2. There are significant temporary
moisture fluctuations in the top layer as an immedi-
ate response to rainfall and evapotranspiration.
Fig. 11 also shows that a short-term increase in
the moisture content of layer 1 does not result
in a significant downward flow of water. The
moisture content (suction) in layer 2 remains
fairly constant with time, with a tendency for an
increased moisture content (lower suction) with
depth. It can, therefore, be imagined that only a
perched groundwater table in the top layer over
longer periods could supply significant downward
flows to the sublayer.

7.3. Meteorological instability conditions for
surface landslides in “‘Terres Noires” weathered
material

Generally speaking, the unstable slopes are char-
acterised by shallow slides with a flat slip surface
running more or less parallel to the topography at
depths varying from 5 to 7 m. The length of the
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Fig. 11. Time-dependent variation in matrix suction in two pro-
files in weathered colluvial "Terres Noires".

slides varies from 80 to 120 m. The landslides can
be reactivated in a particular year, separated by
inactive periods ranging from 5 to 12 years. This
could be detected by dendrochronological research
on bent tree stems over a maximum period of 100
years BP (Van Asch and Van Steijn, 1991; Van
Asch, 1995). Ground water modelling on a
monthly basis over 25 years, using the two-layer
concept described above, shows a yearly fluctua-
tion in the phreatic water table in the colluvial
material of layer 2, with peaks at the end of the

winter period and at the beginning of spring, and
minimum values during the dry summer period.
The hydrological monitoring presented above
already suggested that long periods of rainfall are
needed to create a permanent perched water table
in the top layer in order to induce significant flows
to the sublayer.

The hydrological investigations and modelling
of failure conditions in layer 1 and layer 2 of
colluvial material indicate that the installation of
interception drains in the 1.5-m-thick permeable
upper layer of the landslide should probably con-
stitute an effective measure for stabilisation of
these superficial slides in the colluvial material.

8. Conclusions

The “Terres Noires”, which cover large areas of
southeastern France, consist of easily weathered
and erodable materials. This susceptibility to
weathering makes them particularly prone to ero-
sion, leading to high levels of solid transport,
contributing to the alluviation of man-made reser-
voirs. In addition, these formations are affected by
surface instabilities.

The majority of the slides are shallow and are
developed in the near-surface weathered colluvial
soils.

Plant cover plays a fundamental role in the
protection of these formations against surface ero-
sion. For example, in a catchment area with a
dense plant cover, denuded areas are not only
small in size, or non-existent, but even where they
do occur, the rate of erosion may be as much as
50 times lower than on equivalent surfaces in a
catchment area without plant cover. References
not cited in the text Hazeu, 1988, Kruse and
Terlien, 1990
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