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Abstract

A quantitative description of rock discontinuities present in subsur-

face cores that were drilled (down to 20 m) in the marls of the Laval

and Moulin catchments near Draix (France) is presented. Three kinds

of discontinuities are studied: those fully open, those open but �lled

with clay rich material and those sealed with calcite. With a laser

pro�ler, the topography of facing sides of typical discontinuities was

measured with a normal resolution of 1 µm. The probability distri-

bution of the elevation of each surface are obtained and shown to be

normal. Possible self-a�ne scaling invariance of the topography were

explored. The mineralogical content of an interface between the marl

bulk and the embedded calcite vein is also investigated using X-ray
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computed tomography. Implication of this study for water transport

in such discontinuities are addressed in a companion paper in the same

issue.

1 Introduction

In catchments like the Laval and Moulin ones, located near Draix, in the
South French Alps mass movements frequently occur in the black consoli-
dated marl formation (�Terres Noires�) (Fressard et al., 2009). The land-
slides are often due to water driven processes. Indeed, water causes a chemo-
mechanical weathering of the rock, which modi�es the geometry of the subsoil
and the mechanical stability of the rocks and slopes. For a given solid stress
along an interface prone to sliding, the decrease of e�ective pressure leads to
an increase of the ratio of tangential stress over e�ective pressure, bringing
this ratio closer to a Coulomb sliding threshold, which increases the slope
failure potential (Terzaghi, 1936; Iverson and Reid, 1992). High pore pres-
sure may also trigger hydraulic fracturing which can increase the size of the
fractures and enhance downslope movements of blocks along the fractures. If
water does not seep into the bedrock, it may trigger debris �ows (Yamakoshi
et al., 2009) and important surface runo�s which carry a signi�cant amount
of material (e.g. Antoine et al. (1995); Mathys (2006)).

In order to understand the Draix landslides, �ve boreholes were drilled
at the top of a stable inter�uve, between the Laval and Moulin catchments
(Fig. 1). Among them is the borehole SC1 which was completely cored
showing numerous major discontinuities. Hydraulic studies in the surround-
ing area (Cosandey et al., 2007) and studies where tracer tests between these
boreholes are performed (Garel et al., 2009; Lo� et al., 2009) show that the
fractured marl has a signi�cant role in the hydraulic balance. At �eld scale,
mass losses of water complicates the permeability estimation of the fractured
bedrock. At core scale, hydraulic tests are also di�cult to perform as the
permeability is due to large discontinuities intercepting the core while the
rock matrix (marl) has a negligible permeability.

The permeability of each main discontinuity of the Draix fractured bedrock
is probably highly in�uenced by their precise geometry as the hydraulic be-
havior of rough open fractures is signi�cantly a�ected by the fracture rough-
ness (e.g. Brown (1987); Glover et al. (1997); Méheust and Schmittbuhl
(2000, 2003); Plouraboué et al. (2000); Drazer and Koplik (2002); Auradou
et al. (2005); Barton et al. (1997)). This was also shown by studies about
fracture morphology that were carried out in parallel with experiments aim-
ing at measuring their hydraulic behavior (e.g. Vicente Silvestre et al. (2002);
Hakami and Larsson (1996)).
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The present paper focuses on how to measure and characterize the topog-
raphy of the surfaces of typical discontinuities sampled during coring. The
knowledge of the fracture side topography is a �rst step towards a descrip-
tion of the hydraulic behavior of the Draix formation, which is done in a
companion paper in the same issue (Neuville et al., 2009), hereafter referred
as paper 2.

This article is organized as follows: in section 2, a description of the
drilling procedure is given, as well as the de�nition of morphological units of
the core. The location of the four studied discontinuities is also presented.
These discontinuities are described in a qualitative way in section 3. Sec-
tion 4 shows the topography measurements that have been performed on
the facing surfaces of each discontinuities using a laser pro�ler. An X-ray
computer tomography has also been used to image the mineralogical content
of an interface between marl and an embedded calcite vein. In section 5, a
statistical study of the topography �uctuations is presented.

Figure 1: Aerial photography and river locations, modi�ed after
www.geoportail.fr (Geoportail, 2009), showing the surroundings of the well
SC1 (indicated by the label SC1, located at longitude 06°21'43�E and lati-
tude 44°08'30�N in the WGS84 standard). The surrounding catchments are
the Laval and Moulin ones. The nearest town is Draix, located at 1.6 km
south-east from the well SC1.

2 Core log description and localization of the

studied discontinuities

The studied discontinuities come from a coring of 10 cm in diameter, ex-
tracted from the SC1 borehole (20 m deep) and located between the Laval
and Moulin catchments near Draix, French Alps (Fig. 1). One should keep
in mind that the sample collected from the well might not be fully repre-
sentative of the whole bedrock as it is only a local sampling. Due to the
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heterogeneity of the subsoil and stress �eld, local open discontinuities exist,
the stress being then transmitted through the contact zones of the discon-
tinuities. Studying the discontinuities requires the cores to be recovered
as intact as possible, which was possible owing to special care during SC1
drilling. More speci�cally, a triple tube core barrel was used, which consists
in two embedded external metallic tubes and an internal transparent plastic
tube. In this system, only the external metallic tube rotates while both inner
tubes are �xed, so that there is little rotation or vibration of the core (Wyllie,
1999). The core was directly stored in the inner plastic tube, so that most of
the in�ll and fractured parts was recovered (excepted maybe at the end and
beginning of each core). Plastic tubes were then quickly sealed so that the
moisture content was kept, preventing the dessication of the marl during the
storage time. Moreover, the second metallic tube also prevents the core from
being damaged by the drilling �uid (here: water). As the cores were studied
at ambient air and because of core handling, crumbled marl or clayey in�ll
might have been damaged. The study of the surface was therefore performed
only on parts of the core fairly resistant to dessication and manipulations.
In any case, the coring does not modify sealed discontinuities that will also
be of interest for the morphology characterization.

From cores and well logs (Lo� et al., 2009), the local stratigraphy is di-
vided into three major units (Fig. 2a) (Bondabou, 2007; Mery, 2008). Below
6.3 m, the core consists of a consolidated matrix intercepted by large discon-
tinuities and altered zones. The matrix is a compact black marl which was
described as resistant, structured, and cohesive by Maquaire et al. (2002).
The consolidated part of the core is divided into two units: the lowest is
unit 1 (see Fig. 2a) which shows numerous sealed veins, �lled with recrystal-
lized calcite, probably issued from water �ow from surrounding zones richer
in carbonates (Cras, 2005; Bondabou, 2007). Lying above unit 1 is unit 2
which is intercepted by open fractures and discontinuities �lled with clayey
materials. Above 6.3 m the cores are less consolidated. Just above the con-
solidated marls lays a transition zone, unit 3b, with highly altered marl. The
top part of the core is unit 3 which consists of unconsolidated layers with
soft clay and limon.

In unit 2, two discontinuities (F9 and F6) respectively located at depths
9.3 m and 6.6 m are studied (Fig. 2). The discontinuity F9 is open while F6
is �lled with debris and clay. In unit 3, a sample (C14) consisting mainly of
calcite, located in an altered zone, at 14.6 m depth is also studied, as well as
a sample (C12) consisting of two very thin calcite veins embedded into the
marl, located around 12 m depth. Samples C10 and C17 are other examples
of calcite veins.
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Figure 2: a. Stratigraphic log after the indications of J. Ortega and
J.-P. Malet. b. Picture of typical discontinuities with depth. Scale on the
pictures is given by the ruler in cm.

3 Qualitative description of the discontinuities

3.1 Description of the open discontinuity

F9 is an open discontinuity located inside a compact dark gray marl which
follows approximately the schistosity with an apparent dip of 42 degrees with
respect to the plane perpendicular to the core direction, i.e. roughly the
horizontal plane (angle measured on the sample with an inclinometer, with
a precision of ±0.5 degrees). The discontinuity F9 looks scarcely altered
(Fig. 2) with many complementary reliefs appearing on both surfaces once
one of the surfaces is translated. Facing oxided zones on both sides (Fig. 3a)
are signs of water circulation. The presence of these oxides shows that this
discontinuity existed before the borehole was drilled.
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Figure 3: a. Facing surfaces of the discontinuity F9. Oxidized zones can be
observed on both faces. b. Facing surfaces of the discontinuity F6, covered
with a layer of clay. This layer was removed before studying the topography
of the surfaces.

3.2 Description of the discontinuity �lled with debris

and clay

The second discontinuity studied in unit 2 is the discontinuity F6, which is
also located in a compact dark gray marl, following approximately the schis-
tosity. Contrary to F9, F6 shows clear signs of degradation (see Fig. 3b).
F6 is surrounded with a layer of marl which is oxidized (darker region on
Fig. 2b). This discontinuity was �lled with clay and marl fragments which
are presumably coming from a local water circulation (Cras, 2005; Bond-
abou, 2007). When observing the discontinuity F6 just after it was taken
out of the plastic tube, it was seen that both sides were covered with a 2 mm
thick clay layer (Fig. 3b). The morphology and composition of such a layer is
de�nitively very sensitive to any in situ water content or �ow change. As our
study stands at ambient air, this layer would have been modi�ed by dessica-
tion. Consequently, we chose to study the topography of the competent rock
surface, which appeared once the clay layer had been washed out.

3.3 Description of sealed discontinuities

Several veins �lled with calcite intersect the cores, in particular in unit 1
(Fig. 2). The thickness of the calcite joints ranges from less than 0.1 mm to
about 15 mm. A simple case would be that the discontinuity consists in a
single fracture �lled with calcite. In that case, assuming the morphology to
remain constant during the calcite crystallization, the calcite vein would be a
direct cast of the fracture aperture. However, observing the content of these
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sealed zones excludes this hypothesis: indeed they seem to be formed during
a series of crystallization episodes. Complex zones that consist of several
anastomosed parallel calcite veins are frequent in unit 1 (e.g. zones C10,
C12, and C14 in Fig. 2b); individual calcite veins are therefore hardly visible.
Parallel fractures, either open or sealed, located in C17 sample (Fig. 2b),
suggest that the calcite vein concentrates stresses in the vicinity of the vein
in the embedding rock, provoking new fractures along the interface, which
will be �lled at a later time. Therefore these sealed zones, which seem to
have formed during several opening/crystallization episodes, are too complex
to be seen as casts of single pre-existing fractures. However, independently
from the formation scenario, each complex zone could become a single open
transport zone, if the calcite is later dissolved.

In particular, two zones, C14 and C12 (Figs. 2 and 4), which are located
in unit 1, are studied. The calcite discontinuity, C14, is studied by laser
pro�lometry on both sides. As C14 is a core fragment detached from the
consolidated part of the core, the orientation of the joint in the core is not
known. Therefore the sides are arbitrarily assigned as bottom and top. In
addition, to understand the connection between the calcite content and the
in-situ interface between the sealed discontinuity and the surrounding marl,
an X-ray computed tomography was performed on a similar calcite vein, C12.

Figure 4: Pro�le picture of the calcite vein, C14, located at 14 m depth near
the complex zone shown in Fig. 2b. The picture shows the typical thickness
of the calcite vein and the complexity of the sample because of multi-layer
structure.

4 Measurement of the morphology of the dis-

continuity sides

4.1 Laser pro�ler measurement of the surfaces

The topography of surface pairs of the discontinuities F6, F9, and C14 was
obtained (Figs. 6, 7, 8) using a laser pro�ler (Méheust, 2002; Schmittbuhl
et al., 2008). The instrument (Fig. 5a) sends a vertical laser beam (diame-
ter 30 µm) towards the surface. If the surface is di�usive enough, the two
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charge-coupled devices (CCD) located on each side of the laser head are able
to register the position of the di�usion spot on the surface. A calibration pro-
cedure, which is carried out before each measurement, provides a measure of
the distance between the laser head and the re�ecting surface with a preci-
sion of 1 µm. The measurement is carried on-the-�ight, while the laser head
moves along a regular planar array above the scanned surface. The grid mesh
size of the measured topography of F9 and F6 sides is 40±2 µm×40±0.1 µm
in the horizontal plane and the vertical precision of the measured topography
is about 1 µm. However, to reduce computer time, in this study, the hori-
zontal plane resolution is reduced for F6 by a cubic interpolation to a mesh
of 200 µm× 200 µm. The morphology of the surfaces of the calcite vein C14
was also measured with the pro�ler (Fig. 5b) with an in-plane resolution of
150 µm× 150 µm.

When doing the topography measurement of the F9 and F6 surfaces, each
surface was �xed approximately horizontally. After the surface measurement
was �nished, a mean plane was �tted by a least mean square method on a
relevant subset (i.e. without taking into account notches or outliers) of the
measured surface. A rotation of the axes is then performed to get the so
called x− y plane aligned with the mean plane of the surface. A translation
along the z−axis is also applied relevant so that the average of the height
values is equal to 〈h〉 = 0. In Figs. 6, 7 and 8, the x and y axes de�ne the
mean plane of the surface, the z−axis being perpendicular.

For the open discontinuities, like F6 or F9, the top and bottom surfaces
which are studied are located on two di�erent parts of core, whose relative
position is a priori lost. On the contrary, for the sealed discontinuity C14, the
topography of each side of a single rock piece has to be measured. Therefore,
if, when doing the topography measurements, there exists a rigid reference
frame common for both sides, one can infer their relative position (see pa-
per 2). To this aim, sample C14 was docked within a rigid box, as shown in
Fig. 5b.
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Figure 5: a. Schematic diagram of the optical pro�ler. The letter 'V' stands
for the vertical beam, and 'R' for the light re�ected towards the CCD. b. Mea-
surement of calcite vein C14 with laser pro�ler. The sample is wedged in a
box where two windows allow to see the top and bottom sides of the sample.
The box is used as benchmark to know the relative position of both sample
sides, which is useful for further analyzes.

Figure 6: Topography of both facing F9 surfaces, measured by the laboratory
pro�ler and shown once the axes are rotated and shifted so that the mean
plane (obtained by a least mean square method) of the surface corresponds
to the x−y plane. The top surface (on the right) is presented after rotation
of 180° around the y−axis, in order to stress the similarity between top and
bottom surfaces. A rotation of 3.3° around the z−axis was also performed
in order to maximize the correspondence between similar patterns of the
top and bottom surfaces. On both �gures the complementary asperities are
therefore located at the same coordinates, and because of the rotation around
the y−axis, they are shown with the same level of gray. Elliptic �ts of the
core boundary are also plotted for both surfaces (same ellipse size for both
cores).
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Figure 7: Topography (measured by the laser pro�ler) of both facing F6
surfaces, presented after treatments similar to those applied to F9 in Fig. 6.
Here no clear correlation between the two sides is visible.

Figure 8: Topography of the external sides of the calcite vein C14, measured
by the laser pro�ler, shown after each trend of the surfaces was removed. The
top surface is presented after rotation of 180° around the y−axis, in order to
see the similarities between top and bottom surfaces.

4.2 Detailed study of the interface between calcite sealed

discontinuities and the marl bulk using X-ray com-

puted tomography

Observing sample C14, (Fig. 4), it was noticed that the interface between
calcite and marl was not a clear boundary but rather a zone of alternating
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calcite and black marl layers, each being thinner than 0.5 mm. To check
the volumetric structure of the transition from the vein to the surrounding
embedding marl, the sample C12, which contains two very thin calcite layer
(≤ 1 mm), was investigated by X-ray computed tomography (CT).

Figure 9a shows an example of a bidimensional (2D) slide extracted from
the tridimensional (3D) measurement (axes x − y − z provided by the CT
device). The X-rays transmitted by the material are sensitive to the local
density (e.g. see references related to tomography principle in Zhang et al.
(2004)): the dark parts of Fig. 9a correspond to low density areas. The cal-
cite, whose density is 2.7 ·103 kg/m3, looks brighter than the dry marl, which
has a density of about 2.3 · 103 kg/m3 (Carmichael, 1990). For this measure-
ment, the calcite layers were approximately oriented along the z−axis. The
resolution is given by isotropic grid meshes of 90.2× 90.2× 90.2 µm3.

A density evolution was observed in the direction approximatively per-
pendicular to the calcite vein, i.e. along x−pro�les (Fig. 9b). As the calcite
in�ll is not a perfect plane, the beginning of each x−pro�les was adjusted
so that x = 0 when the density is below 3% of the calcite density. Fig-
ure 9b shows the variability of such density pro�les. Density pro�les were
then averaged, over a set of 18 × 70 pro�les, respectively for the z and y
axes, separated by steps of 4.5 mm along z and 90.2 µm along y (Fig. 10).
The calcite density in dimensionless units is about 1 while the marl density
is about 0.8. Figure 10 shows that the transition from a zone rich in calcite
to a zone poor in calcite occurs in two steps: a very sharp evolution over
roughly 0.15 mm (less than two grid meshes), and a smoother evolution over
several mm. The zone rich in calcite probably results from precipitation of
water rich in carbonates into an open discontinuity. The other zone would
corresponds to a zone with mostly marl and little calcite, which could come
from precipitation of water rich in carbonates after the water has di�used
into the porosity of the marl bulk.

With a higher resolution, it would be interesting to use these pro�les,
select a given threshold and determine the topography of the interface at
this threshold (see for instance Noiriel (2005)). As we observed that this
vein could not be easily separated from the surrounding marl � certainly due
to the calcite content in the marl and the absence of a sharp transition in
calcite content �, it was then not possible to perform a compared study of
such surface determined by density thresholding, and the same one measured
by laser pro�lometry.
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Figure 9: a. Slide obtained from 3D X-ray computed tomography of the
calcite veins contained in C12 (Fig. 2b). The calcite veins are approximately
parallel to the z−axis. The thickness of these veins is less than 1 mm.
The line shows an example of an x−pro�le along which the density was
studied. b. 70 density pro�les oriented along the x−axis, perpendicularly to
the approximate mean plane of the calcite vein embedded in C12, showing
the variability of the density. For all these pro�les, the x−axis is shifted so
that x=0 corresponds to a density below 3% of the density of the calcite.
The density is normalized by the calcite density.

Figure 10: The density pro�le shown is the average of 1260 pro�les similar
to the ones shown in Fig. 9b, taken across the whole surface of the calcite
vein, distributed over a surface about 6 × 70 mm2. Two density gradients,
underlined by the dotted lines, are observed at the transit from the calcite
density to the marl density: a sharp transition, extending over 0.15 mm, (see
blow up), and a smoother one, extending over several mm.
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5 Statistical characterization of the roughness

of the discontinuity surfaces

A statistical study along the topography variations of the discontinuity sides
is presented here. The goal is to obtain a geometrical model of the asperities
in terms of magnitude, density and spatial correlations that could possibly
be extended at larger scales.

5.1 Statistical characterization of F9 discontinuity sides

As seen on the probability distribution function shown in Fig. 11a, computed
for F9, the elevation of both discontinuity sides follows a normal distribution
having a standard deviation of 0.4 ± 0.05 mm. The maximum di�erence of
elevation for the bottom and top sides is about 2.7mm.

Figure 11: Probability density of the elevation of the bottom (A) and top
(C) sides and their normal probability �ts (B, D), for (a) F9 and F6 (b).
For A, B, C, D, mean value is 0 mm and RMS is (a) 0.4 ± 0.05 mm (b)
0.5± 0.05 mm.

In order to compare potential anisotropy directions in the scaling laws
of the top and bottom F9 surfaces, the surfaces are oriented relatively to
one another (see details in paper 2). The autocorrelation function of the
morphology elevation is computed (Fig. 11) for each side of F9 (see Marache
et al. (2002) or Méheust and Schmittbuhl (2000, 2003) for comparable study
on natural fractures). Estimates are done without taking into account major
�aws along the external boundary of the core that are due to damage during
coring. The autocorrelation C2 is computed in the real domain, and de�ned
by the square root of the second moment of the elevation di�erence:
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puted), and 〈〉 indicates that the average is computed over all the possible
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properties of surfaces were tested by checking if (e.g. Barabàsi and Stanley
(1995)):

C2 (∆) = C2 (∆0)

(
∆

∆0

)ζ
(2)

is ful�lled, where ζ is the Hurst exponent, ∆0 is 1 mm and ∆ is the norm of
~∆.

Figure 12: Plot of log10 [C2 (∆)/∆0] as a function of log10 [∆/∆0], com-
puted for discontinuity F9, in directions θ equal to 10° and 80°, for the
bottom side (A, B) and top side (C, D), respectively. Plot E is a lin-
ear �t log10 [C2 (∆)/∆0] = 0.75 log10 [∆/∆0] − 1.07, i.e. ζ = 0.75 and
C2 (∆0) = 0.09 mm, plotted from ∆ = 40 µm to ∆ = 7 mm. ∆ and C2

are in mm, and ∆0 = 1 mm.

Figure 12 shows the 1D plot of log10 [C2 (∆)/∆0] as a function of log10 [∆/∆0]
for two directions (hereafter demonstrated as being the directions showing
the largest anisotropy): θ = 10°, θ = −80°, where θ is the angle between the
x−axis and ~∆. A linear trend has been �tted for lags ranging from 0.04 mm
to 7 mm, for these directions. As the equation (2) translates into:

log10

[
C2(∆)

∆0

]
= ζ log10

[
∆
∆0

]
+ log10

[
C2(∆0)

∆0

]
, (3)
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the linearity of such a plot indicates that the surface is self-a�ne in the θ
direction, and ζ and C2 (∆0) can be deduced. In order to show the variability
of ζ and C2 (∆0) as a function of θ, a polar plot of both parameters is also
shown (Fig. 13), where C2 (∆0) is obtained from interpolation of C2 at 1 mm.
The Hurst exponent computed so, slightly varies (amplitude of±0.02) around
0.69 (bottom side) or 0.74 (top side) according to the direction. The value
C2 (∆0) also regularly varies (amplitude of ±0.02 mm) around 0.09 mm (top
side) and 0.11 mm (bottom side), with extrema for θ equals to 10° and −80°.

Figure 13: Polar plot of the Hurst exponent ζ (a) and C2 (∆0) in mm (b), as
functions of θ for the topography of the top and bottom sides, according to
the angle, for the F9, F6 and C14 discontinuities as indicated by the labels.
Note that the F6, F9 and C14 discontinuities are not oriented relatively to
one another, on the contrary to each side relatively of a given pair.

The linearity of log10 [C2 (∆)/∆0] potentially does not �t over all the
ranges of ∆. In order to be able to observe possible multiple trends over var-
ious ranges of ∆, a representation of log10 [C2 (∆)/∆0] as a function of the
polar coordinates (log10 (∆/lp) , θ) (Ebner et al., 2010) is also shown (Fig 14),
where lp is 0.04 mm, i.e. the smallest pixel size used for topography mea-
surement. If the surface is isotropic and self-a�ne over all the observed
ranges, then the isovalue lines are a family of circles regularly distributed.
An anisotropic self-a�ne surface would translate in a family of equally dis-
tributed and non circular isovalue lines. Fig 14a, computed for the topogra-
phy of the bottom side of F9, shows that the variations of the Hurst exponent
and C2 (∆0) are of secondary order. A very similar �gure was also obtained
for the top side of F9. For both surfaces, the �t of the scaling laws can �nally
approximatively be done by log10 [C2 (∆)/∆0] = 0.75 log10 [∆/∆0]− 1.07, i.e.
ζ = 0.75 and C2 (∆0) = 0.09 mm, from ∆ = 0.04 mm to ∆ = 7 mm.

Estimating the Hurst exponent with the C2 method requires a linear �t of
equation (3). As the data contains inherent noise, the Hurst exponent deter-

15



mined therefore depends on the �tting method and, above all, on the chosen
range of ∆ used to perform the �t. The C2 method might underestimate the
Hurst exponent (Schmittbuhl et al., 1995b; Renard et al., 2006), but has the
advantage of being easily applied in 2D on the whole natural surfaces. The
study is in any case limited by the sample size and the sampling resolution.

Figure 14: Representation of log10 [C2 (∆)/∆0] as a function of the polar
coordinates (log10 (∆/lp) , θ), where lp is the pixel size used for topography
measurement (0.04 mm), computed for the topography of the bottom side
of F9 (a), F6 (b), C14 (c) and top side of C14 (d). ∆, C2 are in mm,
and ∆0 = 1 mm. At �rst order, the isovalue lines are families of circles
approximatively regularly distributed, showing that the surfaces are nearly
isotropic and self-a�ne over all the observed ranges. At second order, C14
is slightly more anisotropic (especially the top one). Note that the range of
isovalues is di�erent between the surfaces, with higher C2 values for the C14
sides.
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5.2 Statistical characterization of F6 discontinuity sides

The probability distribution function of the elevation was computed for both
sides of F6 (Fig. 11b). Both probability distribution functions can be �tted
with a normal probability density function having a standard deviation of
0.5± 0.05 mm. This result shows that the elevation is slightly more variable
than that of F9 sides which are less altered. The function log10 [C2 (∆)/∆0]
as a function of log10 [∆/∆0] (Fig. 15) was also plotted for two directions
corresponding to the directions θ showing the largest anisotropy for each
side. In fact, as for F9, the anisotropy of the bottom side of F6 is barely
pronounced (�gure 14b). A similar plot for the top side both has been made,
showing that correlation of the top side is very similar to the bottom one.
Both surfaces are also self-a�ne, from roughly 0.3 mm to 10 mm. The
Hurst exponent computed for these ranges, regularly varies (amplitude of
±0.02) around 0.70 (bottom side) or 0.76 (top side), according to the angle
(Fig. 13a). The C2 (∆0) value also regularly varies (by ±0.02 mm) around
0.12 mm (top side) and 0.10 mm (bottom side) (Fig. 13b). Note that this
scaling law is very close to that of the F9 sides, and as most observed fracture
surfaces (Bouchaud, 1997).

Figure 15: Plot of log10 [C2 (∆)/∆0] as a function of log10 [∆/∆0], for the
top and bottom sides of F6 (A, B, C, D) and C14 (F, G, H, I), for var-
ious directions θ, as indicated by the labels. Plot E is the linear �t for
F6 sides, log10 [C2 (∆)/∆0] = 0.75 log10 [∆/∆0] − 0.96, i.e. ζ = 0.75 and
C2 (∆0) = 0.11 mm. Plot J is the linear �t for C14 sides, log10 [C2 (∆)/∆0] =
0.75 log10 [∆/∆0]− 0.6, i.e. ζ = 0.75 and C2 (∆0) = 0.25 mm. ∆ and C2 are
in mm, and ∆0 = 1 mm.
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5.3 Statistical characterization of C14 discontinuity sides

C2 was computed for the sides of discontinuity C14, and log10 [C2 (∆)/∆0]
was plotted as a function of log10 [∆/∆0] for two directions θ (Fig. 15). A
linear trend can be observed from 0.3 mm to 10 mm, which means that a
self-a�ne law can be �tted. As shown by �gure 13, for both C14 surfaces, C2

is slightly anisotropic, with C2 (∆0) values progressively varying according
to the direction around 0.23 (by an amplitude of ±0.04 mm) for the bottom
side and around 0.26 (by an amplitude of ±0.06 mm) for the top side, with
extremal values around θ equal to ±45°. The Hurst exponent also shows an
anisotropy, as it varies according to the direction (amplitude of±0.06) around
0.70 (top) and 0.76 (bottom). Note that the side measurements are relatively
oriented to one another (see paper 2), so that the directions of anisotropy can
be compared between both surfaces. The di�erence to an isotropic self-a�ne
surface can be fully observed in Figs 14c and d which shows log10 [C2 (∆)/∆0]
as a function of the polar coordinates (log10 (∆/lp) , θ) for both surfaces. It
also shows that the anisotropy direction slightly evolves with the range of
scales and that the range of C2 values is larger for the top surface than for the
bottom one. By observing the rock sample, it was noticed that this anisotropy
might correspond to a crystallization occurring along a preferential direction.
It the anisotropy is considered as a second order e�ect, a rough common
self-a�ne �t can be proposed with ζ = 0.75 (similarly to F9 and F6), and
C2 (∆0) = 0.25 mm (more than twice higher than the value for F6 and F9).

6 Conclusion

A careful coring allowed us to study the surface morphology of the typi-
cal discontinuities present in the bedrock underlying the potential landslide
zones near Draix (French Alps). Three sets of discontinuities have been dis-
tinguished: the fully open discontinuities, those �lled by altered material
and clay, and those sealed with calcite. Measurements with a laser pro-
�ler have provided statistical properties of the surface. It was observed that
the probability density of the boundary elevation of the open (F9) and clay
�lled (F6) discontinuities is normal, with similar RMS for top and bottom
sides. It was also shown that the surfaces of F6 and F9 are self-a�ne under
a limited range, with little variation of the Hurst exponent and prefactor
according to the direction for each pair of surfaces. The surfaces of the
sealed discontinuity C14 were also shown to be self-a�ne, for a range of scale
0.3 mm to 1 cm, with visible variation of the Hurst exponent according to
the direction. For each surface, the Hurst exponent range around 0.75±0.05,
which is of the same order than the one previously observed for various rocks
(Power et al., 1987; Cox and Wang, 1993; Schmittbuhl et al., 1993, 1995a).
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Such a multi-scaling property allows further modeling of transport properties
(see paper 2). The measurement by X-ray computed tomography provided
quantitative volumetric information, in particular about the thickness of the
calcite-marl interface. The transition from calcite to marl density occurs in
two steps: a sharp transition occurring on about 0.15 mm, followed by a
smooth transition of several mm.

The authors would like to thank José Ortega for his help for the geological
description of the core. We also thank Jean-Phillipe Malet and Alexandre
Remaître for useful indications about Draix �eld observations, as well as
Grégory Bièvre for helpful information about the SC1 drilling.
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