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1 | INTRODUCTION

Federico Cervi'*

Abstract

Understanding water infiltration and transfer in soft-clay shales slopes is an important scientific
issue, especially for landsliding. Geochemical investigations are carried out at the Super-Sauze
and Draix-Laval landslides, both developed in the Callovo-Oxfordian black marls, with the objec-
tive to define the origin of the groundwater. In situ investigations, soil leaching experiments and
geochemical modeling are combined to identify the boundaries of the hydrological systems. At
Super-Sauze, the observations indicate that an external water flow occurs in the upper part of
the landslide at the contact between the weathered black marls and the overlying formations,
or at the landslide basement through a fault network. Such external origin of water is not
observed at the local scale of the Draix-Laval landslide but is detected at the catchment scale
with the influence of deep waters in the streamwater quality of low river flows. Hydrogeological
conceptual models are proposed emphasizing the role of the interactions between local (slope)
and regional (catchment) flow systems. The observations suggest that this situation is a common
case in the Alpine area. Expected consequences of the regional flows on slope stability are
discussed in term of rise of pore water pressures and physicochemical weathering of the clay

shales.
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parallel to the slope surface. Moreover, local rainfall and snowmelt

are generally considered as the only water sources for the recharge

Landslide triggering is mostly related to hydrological factors governing
infiltration and hydraulic head variations (lverson and Major, 1986;
Iverson, 2000; Montgomery and Dietrich, 1994; Ng and Shi, 1998;
Van Asch et al., 1999; Cappa et al., 2004). Hydrological triggering is
due to (a) an increase in pore water pressure, which results in the
decrease of shear strength or (b) the generation of fully saturation con-
ditions producing the overlap of the yield stress and the initiation of
flow-like phenomena (Malet et al., 2003). In this context, the question
of the behavior of the vadose and saturated zones and the origin of
water is crucial for understanding and forecasting slope instability.
Answering this question is usually addressed with several assump-
tions, such as (a) the representation of the processes at the hillslope
scale and at a daily to monthly scales, (b) the simulation of vertical
water infiltration and lateral transfer within thin soil layers, and (c)
the simplification of the geometry of the local slope aquifers with con-

stant hydrological properties and an impervious bedrock with a dip

of shallow groundwater systems. But the large scale tectonic stresses,
which have characterized the development of the mountain chain, may
deeply impact the groundwater circulation (Téth, 1999; Goldscheider
and Neukum, 2010). The hydrological role of discontinuities have been
proven in both lithified and unlithified siliciclastic materials as well as in
crystalline and volcanic rocks (Forster and Evans, 1991; Seaton and
Burbey, 2005; Bense et al., 2013). In particular, by allowing the devel-
opment of preferential flow-paths driving groundwater from far away,
they can lead to the creation of multi-scale hydrological systems (Téth,
1999) in which spatial connections among different reservoirs are pos-
sible (Roques et al., 2014). The role of these geological structures and
of the possible preferential water flows has already been demon-
strated for controlling slope instability (Guglielmi et al, 2000;
Bonzanigo et al., 2001; Cervi et al., 2012; Vallet et al., 2015). However,
at the best of our knowledge, no work concerned the analysis of the
interaction between local (1-10 km) and meso-scale (10-100 km)
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hydrological systems, limiting the representativeness of simplified
hydrological models as they mislead the water origin and flow paths.

The groundwater chemical composition represents a signature of
the hydrological processes taking place beneath the soil surface; thus,
water sampling is commonly considered a powerful tool for gathering
hydrochemical information and unravels the abovementioned points
(Calmels et al., 2011 ; Kim et al., 2014). Furthermore, many authors
have reported that water chemistry and physicochemical processes
have an impact on the soil stresses and slope stability (Di Maio et al.,
2004, 2014; Picarelli et al., 2006).

Recently, geochemical modelling was used to explain observed
changes of the groundwater chemistry (Motellier et al., 2003; Gaucher
et al., 2006; de Montety et al., 2007). In most cases, the approach
consisted in simulating the dissolution and precipitation of mineralog-
ical phases until equilibrium between the media and the water was
reached (thermodynamic-based approach). However, in highly
dynamic hydrological systems such as shallow deforming groundwater
systems (e.g., landslides), the thermodynamic equilibrium is not
reached, and a kinetics-based approach is required to fully constrain
the chemical and mixing processes. This was, for instance, the main
limitation of the geochemical-based conceptualization of the hydrolog-
ical system of the Super-Sauze landslide proposed by de Montety et al.
(2007). Another limitation of this work was the use of a seasonal sam-
pling procedure. Therefore, the present work uses a new
hydrochemical database consisting in monthly water samples (from
June 2010 to May 2011) and original isotopic data.

The work analyzed the datasets acquired on two slow-moving
landslides (Super-Sauze and Laval-Draix, South French Alps) affecting
black marls. Water flow processes have been previously investigated
using different approaches. In particular, a first hydrological modelling
exercise has been proposed at Super-Sauze by Malet et al. (2005) with
a conceptual 3-D description of rapid infiltration. Despite the use of a
complex hydrological model integrating a layered geometry and the
use of different hydrological parameters, the authors had difficulties
at understanding the water flow-paths within the landslide body, with
a final consistent mismatch between the observed values and the
model outputs. On the same site, similar problems have been found
by Krzeminska et al. (2013) using a more complex model integrating
exchange of water in the subsurface between a system of fissures
and the matrix. Such difficulties were experienced on other large and
complex landslides systems (Brunsden, 1999; Tacher et al., 2005).

The objective of this work is to integrate information from
hydrochemistry, isotopic data, laboratory leaching experiments, and
numerical simulations to (a) investigate the relevance of combined
experimental approaches and geochemical modelling for the identifica-
tion of the water origin and the hydrological systems boundaries and
(b) discuss the possible role of the interactions between local and

regional water systems on the landslide dynamics.

2 | GEOLOGICAL AND HYDROGEOLOGICAL
SETTINGS

The two landslides investigated have developed in the Callovo-
Oxfordian black marls of South East France (Maquaire et al., 2003):

the Draix-Laval shallow landslide is located in the Draix-Bléone catch-
ment and the Super-Sauze deep-seated landslide is located in the
Ubaye catchment (Barcelonnette Basin; Figure 1). A detailed geomor-
phological description of the landslides is available in earlier works
(Flageollet et al., 1999a; Fressard, 2008). In this manuscript, the
regional geological context is presented in order to portray the multi-
scale hydrological systems and their possible impacts on local
landsliding.

2.1 | Regional geological context

The main geological structure observed in the region is the Digne
thrust sheet (set up between Miocene and Pliocene) which is over
thrusting autochthonous tertiary formations of the Digne-Valensole
basin (Figure 1; Haccard et al. 1989). The main part of the thrust sheet
is affected by N140°oriented folds associated with dextral strike-slip
faults. This is the situation observed at the Draix-Laval site.

At the North-East, the Digne thrust sheet is topped with the
Ubaye-Embrunais thrust sheets where the Super-Sauze landslide is
located. These thrust sheets comprise the upper Parpaillon sheet lying
through an unconformable contact over the autochthonous Callovo-
Oxfordian black marls (Kerckhove et al., 1974) also named “Terre
Noires.” Locally, klippes scoured by erosion of the Parpaillon sheet

thrust are observed.

22 |
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Geology and hydrology at the Super-Sauze

The Super-Sauze landslide is entirely developed in the “Terres Noires.”
It is located 300 m below the klippe of Lan (Figure 2a). This klippe is
made of mid Trias to Eocene series in which a succession of dolomite,
gypsum with enclosures of crushed dolomite and argillites, is observed
(Pairis, 1968). The setting of the Parpaillon sheet thrust is dated from
Miocene, but the autochthonous basement, mainly represented by
the Callovo-Oxfordian black marls, has experienced intense tectonics
processes. During upper Miocene, the rise of the external crystalline
massifs resulted in the creation of long meridian faults changing the
flexures in the “Terres Noires.”

The “Terres Noires” are characterized by a thickness of 250-
300 m of black clay-shales, very finely laminated (Maquaire et al.,
2003). The tectonic contacts are often covered by 3-15-m-thick till
deposited by the Ubaye glacier during the Quaternary age.

The Super-Sauze landslide has been triggered in the 1960s on the
upper part of the Sauze torrent. It extends over a horizontal distance of
850 m between the elevation of 2,105 m (crown) and 1,740 m (toe)
with an average 25° slope (de Montety et al., 2007). A network of 20
open standpipe piezometers is present since 1996, and it allows the
water level monitoring and groundwater sampling at different depths.

The slope is characterized by a dry and mountainous Mediterra-
nean climate with a significant interannual rainfall variability
(733 + 400 mm over the period 1928-2002; Malet, 2003), large rain
storm intensity (>50 mm-h~1; Flageollet et al., 1999b,) and a large con-
tribution of snowfall in the yearly precipitation amounts (up to 35%;
Sommen, 1995, cited in Malet, 2003).
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FIGURE 2 Geological cross sections of the Super-Sauze landslide (a) and the Draix-Laval catchment (b)

The hydrologeological context has been investigated since
1997 and was described in detail in by Malet et al. (2005) and
de Montety et al. (2007). The main feature is the presence of an
unconfined, shallow and continuous hydrogeological system (1- to
2.5-m depth) with water level changes according to the season

and the

springtime because of snow melting, while a second minor infiltra-

recharge conditions. The main recharge period is
tion phase occurs in autumn. After the last recharge time, the
usual behavior is a gradual and slow drainage until April-May of

the next year.
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2.3 | Geology and hydrology at the Draix-Laval slope

In the Digne region, the autochthonous black marls are less deformed
than in the Ubaye region and present a small dip mostly caused by
post-thrust deformation (Figure 2b). The region is crossed by the Col
de la Cine dextral strike-slip fault dated from Oligocene (de Graciansky,
1972). This tectonic feature also acts as a thrust. The Dogger, the Lias,
and locally, the Trias formations overlap the Bathonian, Callovian, and
early Oxfordian (“Terres Noires”).

The monitoring systems in the Draix-Bléone catchments, installed
in the beginning of the 1980s, consist of several subbasins (for access
to the observations, see https://bdoh.irstea.fr/DRAIX/). The Laval
basin is the largest catchment with a total extension of 86 ha and a
maximum elevation of 1,259 m a.s.l. The gauge section is situated at
847 m a.s.l., and the mean slope is 30°. The “Terres Noires” widely
outcrop in the catchment, with a maximum thickness of 1,500 m. A
shallow slide (e.g., Draix-Laval landslide) occurred in December 1998
in the middle of the catchment. The total extent is 180 m, and the
elevations range between 880 and 930 m. The mean slope is 55°,
and the surface is 0.4 ha. It evolves downslope into reworked marls
and blocks. It has been instrumented with a network of five open
standpipe piezometers (mean depth of 3 m) since 2006 (Garel et al.,
2012; Travelletti et al., 2012).

The mean annual rainfall is 912 mm = 188 m (over the period
1984-2008, Garel, 2010) with approximately 200 days without rainfalls
and only 5 days with rainfall higher than 30 mm. Maximum precipitation
and runoff occur in spring (April-May) and autumn (September-
October), while summers are generally warm and with rainfall associ-
ated with short intensive thunderstorms (more than 60 mm-h™%;
Borges, 1993).

The hydrological context of the Draix-Laval landslide was
described in Garel (2010), Travelletti et al. (2012), and Garel et al.
(2012). They observed a shallow unconfined aquifer that is highly reac-
tive to rainfall pulses. Infiltration processes were also investigated from
a large-scale controlled rainfall experiment (Travelletti et al., 2012).
Results from soil moisture, groundwater level monitoring, and tracing
demonstrated the high infiltrating capacity of the material and the

important role of the structure and of the macropore connectivity.

3 | METHODS

A multi-technique investigation strategy combining hydrogeochemical
(groundwater electrical conductivity monitoring, groundwater isotopic,
and chemical analysis, leaching experiments) and mineralogical (soil
composition assessment) surveys has been carried out on both sites.
Groundwater chemistry and stable isotope analyses were used to
characterize water/rock interactions. Leaching experiments have been
carried out on soil samples from several black marls outcrops in order
to control if water chemistry matches the mineralogical composition
of the soil and rock. The geochemical model PHREEQC (Parkhurst and
Appelo, 2013) was used in order to simulate the chemical interaction
between different water composition and the soil and rocks. Models
setups have been calibrated by carrying out further simulations on

leaching tests. The methodological approach is summarized in Figure 3.

3.1 | Analysis of water chemistry: Field and
laboratory measurements

Water measurements and sampling were carried out from June
2010 to May 2011 at both sites. The access to the Super-Sauze
site was not possible in winter (from December to March) because
of the presence of a thick snow cover. Outside this period, water
sampling was carried out monthly. The sampling network consisted
in six open standpipe piezometers (four at Super-Sauze and two
at Draix-Laval) installed at depths of 3 m. At Super-Sauze, the four
piezometers are considered representative of the complex hydrolog-
ical behavior of the landslide, as proposed by Malet et al. (2005)
and Krzeminska et al. (2013): A6 (upper part, A transect), BD
(B transect), CP (C transect), and DV (close to the toe, D transect;
Figure 4a). At Draix, the two piezometers (GC3 and GC4) are
located in the lower part of the slope where a permanent ground-
water table is observed (Figure 4b). Three sections were also mon-
itored in the Laval stream (noted L in Figure 4b). In all piezometers,
the samples were collected using a low-flow pump (0.1 Is™%) after
removing the old standing water.

Direct measurements of water temperature, acid potential pH, and
specific conductance SC at 25°C were determined in the field using a
(WTW, Weilheim, Germany) pH/cond 340i SET instrument equipped
with a Ross glass electrode. The instrument was calibrated in the labo-
ratory before each sampling campaign. Total alkalinity (TA) was mea-
sured at the laboratory by acidimetric titration with 0.02 N H,SO,4
according to the Gran method (Gran, 1952) less than 48 hr after sam-
pling. All water samples were filtered through cellulose membranes
(0.45 um) and stored in polyethylene bottles. Aliquots for cation
analysis were acidified with HNO5 at 69%. Water for isotope analysis
(*¥0 and 2H) was collected in 20-ml tinted glass bottles.

3.2 | Soil sampling and leaching experiments

Three soil samples (500 g each) were collected at the Super-Sauze
landslide in the vicinity of the piezometers BD, CP, and DV. Two sam-
ples (RDC and RGC) were taken at the Draix-Laval landslide, close to
piezometers GC3 and GC4, respectively. All samples were collected
at 0.20-m depth (Figures 4a, b) and used for the leaching experiments.
According to the USGS Field Leach Test (2005), 50 g of dried material
was sieved at less than 2 mm, leached into 1 L of deionised water and
continuously stirred by a magnetic agitator (with constant rotation
speed of 200 rpm). The experiments lasted over a maximum of 10 hr,

so that evaporation inside the container could be ignored.

33 |

The anions (Cl, NO3, and SO,) and cations (Na, K, Ca, and Mg) distribu-
tion was analyzed using ion chromatography (Dionex, Waltham, MA
USA DX-120). Repeatability of the samples is <0.5%, and measurement
uncertainty is comprised between 3% and 5%, depending on the con-

Geochemical analyses

centration of the sample. Data on §'80(H,0) were obtained according
to the CO, gas equilibration technique, which relies on isotopic
exchange of the oxygen atoms in the water and in the CO, (Epstein
and Mayeda, 1953). Deuterium content was measured using the Cr

reduction method. Analyses were performed with a VG (ISOPRIME,


https://bdoh.irstea.fr/DRAIX/

MARC ET AL.

WILEY——2%

In-situ soil samples collection }T

Leaching test
. Hydrochemical analyses

Laboratory:

—

Comparison observed/
calculated values

'—
ey

! G ical Modelling |

Mi

lineralogy
. Grain-size distribution

In-situ groundwat T: |
. Hydrochemical analyses

FIGURE 3 Flow chart of the methodological approach

Elevation

Formations

[ ] Landslides [ | Morainic deposit B Argovian (argillaceous

- Callovo-oxfordian
limestones and black marls)

(“Terre Noire™)

Analysis e Soil ® Water

Elevation
Almeter)
N

Comparison observed/
calculated values

}7

920+

9004

880

Formations
Landslides Screes Morainic deposit Blocks of Bathonian to Lower
EI E] D El heterogenous - Oxfordian marls bedrock
size (“Terres Noires")

Analysis @ Soil ® Water

FIGURE4 Location of the water samples (blue dots) and the soils samples (for leaching experiments, red dots) at Super-Sauze (a) and Draix-

Laval (b)

Stockport, UK) mass spectrometer in continuous flow with (Aquaprep,
Stockport, UK) and pyrolyser (EUROVECTOR, Stockport, UK) PyrOH.
The sample values are expressed with reference to the Vienna-
Standard Mean Ocean Water standard according to Equation 1:

Rsample -R

5= std x1000, (1)

std
where R is the isotope ratio.
The uncertainty of mass spectrometric measurements is +0.2%o
(with a 90% confidence level) for the 67 samples.

3.4 | Mineralogical analyses

The mineralogy of the soil samples used for the leaching tests has been
investigated using X-ray diffractometry on oriented paste of the
<2-um fraction. The results are summarized in Table 1. Soil samples
were analyzed at the Centre de Recherche et d’Enseignement de
Géosciences de I'Environnement X-Ray service using a Panalytical
X'Pert Pro MPD 06-6 diffractometer equipped with a back monochro-
mator, a fast detector X'celerator, and working with an anticathode
of cobalt. The calcite proportion was estimated by acidification with
HCI 5% and a weighing of the samples before and after acidification.
The relative proportions of quartz-calcite and of calcite-dolomite were
obtained using the area of the mean peaks and comparison of the sur-
faces ratio with charts. The actual amounts of quartz-calcite and

calcite-dolomite were calculated from their relative proportions and
the absolute quantity of calcite measured with acid etching. For the
clays, the percentage of minerals was calculated according to the ratio
of the main peaks areas.

At the Super-Sauze landslide, the mineralogy of the black marls
was determined from 15 soil samples collected at five locations
according to different positions on the slopes and at three depths
(de Montety et al., 2007). At the Draix-Laval landslide, 12 soil sam-
ples were taken at five locations at three depths (Garel, 2010). The
maximum depth was 3 m, and the material samples were averaged
over 1-m cores. Mean and standard deviation values are presented
in Table 1. At Super-Sauze, the proportion of different minerals is
relatively constant, which reflects a good homogeneity of the mate-
rial. The main mineral phase is illite with an average of about 40%
and quartz and carbonates with the same proportion of about 20%.
There is a small percentage of chlorite, albite, and interstratified
illite/smectite. At Draix-Laval, the samples differ by the presence
of interstratified illite/smectite and by the presence of kaolinite.
These results are in agreement with the previous data obtained
by Maquaire et al. (2003) and de Montety et al. (2007).

Pyrite is known to exist in these rocks as vein-shaped material,
so that a large variability in content is observed. In particular, the
subaerial conditions of the soil samples make difficult the estima-
tion of pyrite because the oxidation processes can alter this phase
quickly. Pyrite is contained only within the “pure” black marl and is
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TABLE1 Mean mineralogical features of the Super-Sauze and Draix-Laval marls (g per 100 g of rock)
Quartz Calcite Dolomite Albite Smectite lllite Smectite/lllite Chlorite Kaolinite
Super-Sauze
Mean 20.5 21.3 7.1 1.6 0.3 39.2 4.8 3.3
Standard deviation 3.8 24 0.8 0.2 0.7 2.6 1.5 1.3
Draix-Laval
Mean 17.7 23.7 4.7 1.0 11.7 30.9 5.5 4.9
Standard deviation 2.1 2.5 0.6 0.0 0.6 3.8 0.3 1.6

the only source of S, which in turn oxidizes and leads to secondary
minerals. This pyrite can be in the bedrock or unweathered blocks
within the landslides, while secondary minerals are widespread
within the unsaturated zone.

35 |
351 |

Geochemical modelling

Modelling strategy

The chemical composition of water resulting from water-rock interac-
tion is due to complex processes that can be described in terms of (a)
mass transfers through the rock matrix and fractures, (b) reversible ions
exchange reactions or irreversible minerals dissolution, and (c) precipi-
tation of new mineralogical phases. In the case of non weathered
Callovo-Oxfordian shales, several studies used geochemical modelling
to estimate pore water chemical composition (Motellier et al., 2003;
Gaucher et al., 2006; De Combarieu et al., 2007; Appelo et al., 2008;
Beaucaire et al., 2008; Tournassat et al., 2008). Pearson et al. (2011)
reviewed the assumptions used in geochemical modelling in such con-
texts. In most cases, thermodynamic equilibrium is assumed and ions
exchange reactions are the main processes that explain pore water
chemistry. These assumptions are relevant taking into account the
very low hydraulic conductivity measured in the non weathered
medium (107%° to 107*? m:s™%; Delay et al., 2006) resulting in low
velocities in reducing conditions. lon exchange reactions are quick
processes, and adsorbed cations are immediately in equilibrium with
the pore water. The thermodynamic equilibrium is also reached for
all the mineral phases, in particular, the calcite-dolomite-kaolinite-
quartz system, while the stability of pyrite is ensured by the reducing
condition in the medium.

In our case, the hydraulic conductivity values of the weathered
material ranging from 1077 to 107> ms™! (Malet et al., 2005; Esteves
et al., 2005; de Montety et al., 2007) suggest that the water turnover
is fast and the thermodynamic equilibrium is not reached. At Super-
Sauze and Draix-Laval, the investigated groundwaters are located in
the marly regolith in close contact with the atmosphere. In such oxidiz-
ing conditions, the increase of sulfate concentration according to the
main flow line is mainly explained by pyrite dissolution (de Montéty
et al., 2007). This irreversible reaction produces protons, which gener-
ate carbonate dissolution. This behavior points out that reversible ions
exchange is a marginal mechanism in our systems. Another point is the
nature of the clays. In the Super-Sauze and Draix-Laval shales, the part
of inter-stratified illite/smectite is very low compared with the propor-

tion measured in other clay-shale environment (e.g., Bure and Mont

Terri sites; Motellier et al., 2003; Pearson et al., 2011) where these
dominant phases prove to have the highest cation exchange capacity.
For these reasons, the modelling strategy in this study is focused on
irreversible reactions. Unlike de Montety et al. (2007), we also took
into account the kinetics of the minerals dissolution.

For a quantitative analysis, the modelling approach requires a
good knowledge of the reactive surface for all the mineral phases.
The actual reactive surfaces are very complex to estimate and most
authors admit that their values are far lower than those estimated from
a spherical or rough geometry (Gaus et al., 2005; Littge, 2005). This
situation is expected for all minerals, but its impact on the dissolution
is limited if the mineral solubility is low. As the mineral grain size was
estimated from the literature (see section 3.5.2), our results must be
considered as semi-quantitative. The adopted strategy was to estimate
initial values of the reactive surfaces from the grain geometry and
further optimize them to fit with the observed concentrations. This
approach aims at comparing the modeled and observed concentrations
over a reasonable range of reactive surfaces. The optimized values of

reactive surfaces are discussed.

3.5.2

Geochemical modeling was performed at the laboratory and field

Modeling parameters

scales. At the laboratory scale, the model used the results from the soil
leaching experiments. It aimed at explaining the processes of soil-
water interactions and determining the calibration parameters for the
simulation of the in situ processes.

The reaction path model between meteoric water (in the case of
field-scale) and deionised water (in the case of leaching simulations)
and the black marls material was simulated with PHREEQC 3 code
(Parkhurst and Appelo, 2013) coupled to the LLNL database (Lawrence
Livermore National Laboratory thermodynamic database, lInl.dat).
PHREEQC simulates the soil alteration by the dissolution of the
primary minerals and the precipitation of new phases; for each step,
it calculates the quantity of destroyed or formed phases per kilogram
of water, according to the mineral assemblage and the kinetic parame-
ters of each phase (e.g., the thermodynamic data, kinetics constants,
and reactive surfaces).

Kinetic laws are considered for all environments (acid, neutral, and
basic) using Equation 2:

Vg =kyg-S-(ag+)" {1— exp (%)} oV =kyg-S-(ag-)" {1—% .2

Williamson and Rimstidt (1994) proposed an expression for the

oxidation rate of pyrite characterized by a square root dependence
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on the molality of oxygen and a small increase of the rate with an
increase in pH. This rate is applicable for the dissolution reaction only
and only when the solution contains oxygen, according to Equation 3.

Vy pyrite = kq-5-a0,%° - (ay: ) 1L {1—% i 3)

where Vg is the dissolution rate (mol-s™), kq is an empirical constant
(mol-cm™2s1), A is the Arrhenius pre-exponential factor (mol-m™2s7Y,
R is a gas constant (8.31 Jamol™ 1KY, T is the soil temperature, S is
the reactive surface (m?), ay" is the proton activity, aO, is the
dissolved oxygen activity, n is the reaction order, and (1-Q/K) is the
saturation index.

For carbonate minerals, in basic conditions, Equation 3 is modified
by substituting H* activity by pCO,. All kinetic parameters are
explained in Palandri and Kharaka (2004). Precipitation rate data do
not exist for most minerals, because in mineral precipitation experi-
ments, undesired metastable reaction products usually precipitate
instead of the more stable mineral, especially when the conditions
are far from equilibrium at a high degree of supersaturation.

The modelling was performed using (a) the mineral assemblage
and the chemical composition of the black marls; (b) the chemical
and physical properties of the starting solution (e.g., rainfall); and
(c) the thermodynamic data, reactive kinetics and reactive surfaces
of the mineral phases:

1. The modal composition of the black marls, which is based on
the mineralogical and geochemical analyses described previ-
ously, was used to obtain the stoichiometry of the solid reac-
tants. Uncertainties remain on the actual proportion of some
minerals. This is mainly the case for pyrite, which is not clearly
detected in the mineralogical analyses, although observed in
the field. Pyrite alteration is a major process for sulphate pro-
duction in the liquid phase, and the model is very sensitive to
the proportion of pyrite in the initial material. The simulations
are performed with a proportion of pyrite ranging from 0.1%
to 2.0%. According to the previous works of Malet (2003)
and de Montety et al. (2007) at Super-Sauze and Garel et al.
(2010) at Draix-Laval, a mean porosity of 25% is taken into
account for the field-scale simulations. In the case of the
leaching simulation, all the water interacts with 50 g of

crushed soil with a porosity considered equal to 100%.

2. In first approximation, the initial water used to simulate the in situ
groundwater chemistry consisted in a weighted average composi-
tion of rainwaters collected at the sites. The weighting mean
value by rainfall amount was calculated from five rainwater
samples. Initial pH was 5.8, and initial temperature was 10°C.
An open system continuously exchanging oxygen with the
atmosphere is considered (logpCO, = -3.5, logpO, = -0.68). This
assumption means that CO, (together with oxygen) diffuses
continuously to the groundwater thanks to open fractures and
pores, providing the necessary acid for the neutralization of the
base generated through the dissolution of clay minerals.
Snowmelt water may have slight chemical differences with
rainwater (less exchange with CO,, higher adsorption capacity

for atmospheric dust). The use of snowmelt water instead of

rainwater in the model is assumed nonrelevant considering the
expected low chemical differences and the final groundwater sol-
utes concentration (around 1,000 times higher than the input

water chemical content).

3. Kinetic laws are considered for a neutral environment, as the
pH is close to 7. In a first approximation, the reactive surfaces
are estimated using the formula proposed by Murphy and
Helgeson (1989). Considering the grain shape as spherical, the
reactive surface Sp (cm?g™!) is calculated with (Equation 4).
The mean diameter of the grain for all the mineral phases
was obtained from the scientific literature (de Combarieu

et al., 2007):

Sp=6/ad )

where o is the specific density of the mineral (g-cm™) and d is the
diameter of the sphere.

For phyllosilicate minerals, the reactive surfaces are estimated
from Santamarina et al. (2002) and Lérau (2013).

4 | RESULTS

4.1 | Soil leaching
41.1 |

Results from the leaching experiments are summarized in Table 2. For

Hydrochemical features

all waters, the hydrochemical facies is dominated by calcium and sul-
phate. Magnesium content is also meaningful but significantly lower
than calcium (-30% to —50%). The other ions have a minor impact on
the total mineralization (e.g., sodium). As the experimental conditions
were similar for all the samples, the large variation of sulphate concen-
tration between the different samples can only be explained by the
heterogeneous distribution of pyrite in the soil. This impact is reduced
for calcium and magnesium concentrations, as they are mainly involved

in carbonate dissolution.

412 |

The simulations are compared using the efficiency coefficient El (error

Geochemical modelling

index), which assesses the differences between the observed concen-
tration (Cobs) for the n compounds and the model outputs (Ccalc)

(Equation 5)

TABLE 2 Chemical content of the water after 10 h of leaching
(mmol-I™%)

Site Sample name SO, Ca Mg Na

Super-Sauze BDsoil 0.52 0.74 0.35 0.05
CPsoil 0.23 0.51 0.28 0.04
DVsoll 0.10 0.32 0.22 0.02

Draix-Laval RDC 0.25 0.49 0.36 0.03
RGC 0.09 0.54 0.28 0.03
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Figure 5 presents an example of 11 simulations performed for the
leaching results on the BD soil sample. The best simulations for all the
samples are detailed in Table 3. The pyrite proportion required to
reproduce the sulphate concentration ranges between 0.1% and
0.6%; these values are significantly lower than the maximum propor-
tion estimated from the mineralogical analyses (2%). The reactive
surfaces of calcite and dolomite range, respectively, between 1% and
20% and between 50% and 150% of the initial Sp values. These results
are in agreement with the works of Zerai et al. (2006), Xu et al. (2007),
and Scislewski and Zuddas (2010). The latter demonstrated by their
experimental study that calcite’s reactive surface area changed signifi-
cantly during dissolution by one to two orders of magnitude. The large
variations of Sp between the samples can also be explained by the

heterogeneity of the soil and the representativeness of the samples.

— 100

— 80

60

T
Simulated concentrations (mg/l)

FIGURE 5 Modelling water chemistry from
leaching experiments in the case of BDSoil
sample (Super-Sauze): Simulated concentra-
tions of Ca, Mg, and SO, in the leachate for
different modelling scenarios and error indices
(black dots). The best fitting between mea-
sured and simulated concentrations corre-
sponds to the lowest error index
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Water interacting with the black marls shows a high mineralization

Groundwater chemistry

Origin of the groundwater chemistry

with a conductivity ranging from 1,500 to 4,500 ps-cm™2. As observed
with the leaching experiments, the waters are composed in majority
with sulphate, calcium, and magnesium ions (Table 4).

At the Draix-Laval site, the groundwater chemical facies (Figure 6a)
and the leached water chemical facies (Figure 6b) are similar and corre-
spond to a SO4-Ca-Mg type. A small but detectable impact of sodium
on the water chemistry is observed in the stream water (drainage of
the catchment upwards the landslide; Figure 6a).

At Super-Sauze, the chemical facies of groundwater is changing
according to the flow direction from a SO4-HCO3 type, without dom-
inant cation to a SO4-Ca-Mg facies (Figure 6a). The changes in propor-
tion of both cations and anions in the Piper diagram suggest that the
facies variation results mainly from material alteration and mineral

dissolution. The ion content increases downslope owing to the rise

TABLE 3 Optimized parameters set for all the samples of the leaching experiments

Sample Pyrite Variation of calcite Sp from the Variation of dolomite Sp from the Best error Number of
Site name proportion (%) initial model (%) initial model (%) index EI simulations
Super-Sauze BDsoil 0.6 20 100 0.07 11
CPsoil 0.25 10 90 0.20
DVsoil 0.125 50 0.06
Draix-Laval RGC 0.25 150 0.28 11
RDC 0.3 150 0.09 11

Note. In bold is the sample used as illustration of the simulation process in Figure 5.
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TABLE 4 Major ions content (mmol-I"Y) and water isotopes ratios (%o) in groundwater and surface water at Super-Sauze and Draix-Laval.

Super-Sauze

Name Date pH c25°C HCO, SO, cl NO, Na Ca Mg 50 &°H
A6 06/22/2010 7.52 1622 5.3 7.3 n.d. 0.035 7.8 2.5 2.6 -13.42 -95.65
A6 07/21/2010 7.49 1750 57 7.6 0.008 0.031 7.2 2.7 3.7 -12.73 -90.32
A6 08/27/2010 7.41 2220 3.1 11.3 0.009 0.018 9.1 4.0 6.1 -12.43 -87.55
A6 10/12/2010 7.14 2570 6.0 124 0.012 0.013 10.0 3.5 53 -11.75 -82.86
A6 11/27/2010 7.42 2540 51 14.2 0.010 0.016 11.8 3.7 52 -12.29 -87.93
A6 04/16/2011 7.91 1375 4.6 5.1 0.011 0.037 6.1 14 2.2 -13.34 -94.47
A6 05/12/2011 7.86 1174 0.0 3.7 0.019 0.029 4.8 1.3 1.7 -12.95 -91.1
A6 06/10/2011 7.74 1335 4.2 57 0.010 0.040 6.3 14 2.3 n.d. n.d.
A6 11/18/2011 7.89 1871 5.5 8.7 0.008 0.035 8.3 2.4 4.4 n.d. n.d.
BD 06/22/2010 7.57 2410 5.2 15.6 0.044 0.002 13.2 0.3 5.6 -11.56 -81.74
BD 07/21/2010 7.28 3420 6.6 19.1 0.020 n.d. 10.7 0.3 7.5 -11.28 -79.71
BD 08/27/2010 7.21 3630 7.0 23.6 0.038 0.058 135 04 8.3 n.d. n.d.
BD 10/12/2010 7.21 3950 6.0 26.0 0.020 0.016 10.0 0.3 8.7 n.d. n.d.
BD 11/27/2010 n.d. 2290 4.6 22.7 0.011 n.d. 7.5 0.2 8.5 -12.2 -87.56
BD 04/16/2011 n.d. n.d. 4.2 9.1 0.027 0.011 7.8 0.2 2.7 -13.8 -99.04
BD 05/12/2011 7.72 1508 0.0 9.7 0.028 0.047 9.6 0.1 24 n.d. n.d.
BD 06/10/2011 7.79 1473 2.7 9.1 0.011 0.019 3.6 0.1 3.1 n.d. n.d.
BD 11/18/2011 8.15 1462 1.9 7.0 0.329 0.088 34 0.3 3.0 n.d. n.d.
BD 07/05/2012 7.91 1976 34 10.6 0.072 0.023 6.8 0.2 52 n.d. n.d.
BD 10/06/2012 7.77 3440 3.6 184 0.081 0.029 17.9 0.3 4.3 n.d. n.d.
CP 06/22/2010 7.11 3580 6.0 23.0 0.027 0.004 9.0 9.8 6.1 -12.12 -85.25
CP 07/21/2010 7.16 3450 6.2 215 0.024 0.002 9.9 9.0 10.1 -12.1 -85.38
CpP 11/27/2010 n.d. 3900 4.8 27.7 0.014 n.d. 6.7 10.8 12.5 -12.68 -91.86
CP 04/16/2011 n.d. 3667 5.5 23.8 0.009 0.007 7.8 9.2 11.1 -12.69 -90.35
CcpP 05/12/2011 7.11 3690 0.0 24.2 0.016 <0.001 9.0 10.0 12.0 n.d. n.d.
CP 06/10/2011 7.19 3380 5.7 28.0 0.015 <0.001 7.9 9.1 11.3 n.d. n.d.
CP 11/18/2011 7.31 4280 6.9 26.2 0.368 <0.001 8.0 9.5 13.8 n.d. n.d.
CP 07/05/2012 7.11 3930 7.2 222 0.056 0.030 9.2 8.7 10.0 n.d. n.d.
CP 10/06/2012 6.98 3930 8.0 229 0.078 0.032 10.7 9.4 11.6 n.d. n.d.
DV 06/23/2010 7.12 3420 5.6 24.1 0.013 0.022 4.6 9.8 8.2 -11.03 -76.31
DV 07/21/2010 7.16 4230 6.6 27.2 0.021 0.003 5.1 10.9 15.9 -10.78 -754
DV 08/27/2010 7.12 4230 7.4 311 0.026 n.d. 6.9 111 17.1 n.d. n.d.
DV 11/27/2010 n.d. 2730 4.0 25.6 n.d. n.d. 2.5 9.5 14.1 -12.18 -87.58
DV 04/16/2011 n.d. 3555 4.7 26.0 n.d. 0.006 3.5 8.8 14.7 -11.81 -84.04
DV 05/12/2011 7.17 3780 0.0 26.6 0.025 <0.001 3.7 10.6 16.5 n.d. n.d.
DV 06/10/2011 7.09 3890 5.8 31.8 0.016 <0.001 3.8 9.4 16.4 n.d. n.d.
DV 11/18/2011 7.65 3760 3.3 240 n.d. 0.013 2.1 9.5 15.6 n.d. n.d.
DV 07/05/2012 7.05 3720 5.8 23.1 0.065 0.018 3.0 9.1 13.2 n.d. n.d.
AS 10/17/2006 7.29 2370 7.64 11.31 0.047 <0.001 7.82 3.1 6.1 n.d. n.d.
AS 06/29/2013 7.60 2180 7.08 10.32 0.02 0.03 6.64 3.5 5.9 -12.2 -87.59
Name Date Draix-Laval

pH c25°C HCO4 SO, Na Ca Mg 880 8°H
GC 06/21/2010 6.9 3009 6.1 18.8 0.029 <0.001 1.1 8.4 8.5 -9.75 -71.20
GC 07/20/2010 6.88 3380 6.4 21.2 0.014 <0.001 0.6 10.1 12.6 -9.57 -69.98
GC 08/26/2010 6.82 3590 57 24.2 0.013 <0.001 0.8 114 16.2 =978 -42.91
GC 09/29/2010 6.70 3710 7.5 25.0 0.017 n.d. 0.8 12.8 16.7 -9.48 -69.93
GC 11/04/2010 n.d. n.d. 5.8 23.3 0.013 n.d. 0.5 10.3 12.8 -9.11 -66.35
GC 12/20/2010 n.d. 3330 6.2 204 0.014 n.d. 0.6 10.3 12.7 -9.18 -66.47
GC 01/20/2011 7.07 3240 6.0 225 0.011 <0.001 0.5 8.3 12.9 -9.07 -66.63
GC 03/02/2011 6.96 3390 6.5 233 0.018 n.d. 0.5 9.9 13.3 -9.06 -66.18

(Continues)
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TABLE 4 (Continued)
Super-Sauze

Name Date pH c25°C HCO4 SO, cl NO, Na Ca Mg 50 8°H

GC 04/29/2011 6.98 2970 58 21.9 0.006 0.005 0.4 8.6 11.7 -9.24 -67.85
L1 06/21/2010 8.15 1761 2.8 9.2 0.35 <0.001 4.1 44 3.4 -8.09 -60.63
L1 07/20/2010 7.4 1985 3.6 9.8 0.77 <0.001 4.0 4.6 4.5 -6.98 -54.20
L1 08/26/2010 7.8 2480 24 151 1.28 <0.001 6.6 6.7 7.3 -6.83 -52.61
L1 09/29/2010 7.84 2290 2.6 13.2 1.23 n.d. 6.5 6.0 6.7 -6.52 -50.21
L1 11/04/2010 n.d. n.d. 3.5 11.0 0.29 n.d. 4.0 4.4 4.9 -8.35 -61.40
L1 12/20/2010 n.d. 2010 3.6 9.7 0.4 n.d. 4.4 4.5 3.7 -8.55 -62.98
L1 01/20/2011 8.2 1887 3.9 6.6 0.31 <0.001 35 35 4.2 -8.68 -63.83
L1 03/02/2011 7.92 1874 3.2 20.2 1.55 0.010 9.5 74 8.2 -8.26 -60.89
L2 06/21/2010 8.12 1834 3.0 9.4 1.55 <0.001 4.3 4.4 3.4 n.d. n.d.

L2 07/20/2010 7.8 2050 3.3 10.2 0.34 <0.001 4.7 4.7 51 -7.03 -54.63
L2 08/26/2010 7.69 2500 3.6 15.0 0.7 <0.001 6.9 6.7 7.6 -7.26 -54.84
L2 09/29/2010 7.83 2410 3.0 13.9 1.23 n.d. 6.9 6.2 6.8 -6.85 -52.53
L2 11/04/2010 n.d. n.d. 3.6 11.6 1.14 n.d. 4.2 4.5 5.0 -8.32 -61.26
L2 12/20/2010 n.d. 1990 3.7 9.9 0.29 n.d. 4.5 4.5 3.8 -8.59 -62.94
L2 01/20/2011 8.28 1907 3.8 6.8 0.41 <0.001 4.3 4.1 4.6 -8.66 -63.35
L2 03/02/2011 7.95 1922 3.2 9.8 0.31 n.d. 4.8 4.0 4.5 -8.3 -61.09
L2 04/29/2011 8.03 1654 2.9 9.8 0.76 0.077 2.9 3.7 4.1 -84 -61.12
LS 06/21/2010 8.39 1813 24 8.4 0.3 <0.001 35 4.1 3.8 -7.84 -59.89
LS 07/20/2010 8.23 2350 2.2 13.2 0.53 <0.001 6.6 5.0 5.6 -2.96 -37.90
LS 08/26/2010 8.3 2390 24 15.2 0.9 <0.001 55 5.6 6.1 -4.73 -42.91
LS 09/29/2010 8.26 2390 2.2 14.6 1.01 n.d. 6.3 53 5.9 -5.76 -47.74
LS 11/04/2010 n.d. n.d. 3.0 11.7 0.25 n.d. 3.8 4.5 5.0 -8.43 -62.20
LS 12/20/2010 n.d. 1933 3.6 9.6 0.39 0.003 4.4 4.3 3.9 -8.64 -63.01
LS 01/20/2011 8.26 1921 34 6.9 0.23 <0.001 4.3 4.0 4.7 -8.64 -63.85
LS 03/02/2011 8.15 1817 2.7 9.4 0.59 n.d. 4.5 3.6 4.2 -8.21 -60.88
LS 04/29/2011 8.13 1595 2.9 9.5 0.016 0.071 2.7 3.6 3.9 -8.48 -61.62

Note. n.d. = no data; AS = Argovian spring.

of water residence time with the main water flow lines. Unlike the
water from the leaching experiments, the field water chemistry is also
influenced by sodium, although no significant content of chloride is
detected (Figure 6a and 6c). The sodium content is similar to the cal-
cium or magnesium content in the upper part of the landslide but is
decreasing downslope. At Super-Sauze, the groundwater chemical
content varies also with time (Figure 7). For sulphate (also calcium
and magnesium), the seasonal variation is mainly explained by the
impact of water recharge from snowmelt or rainfall events in the spring
periods. The lowest concentrations are observed in June owing to the
dilution effect caused by the melting of the snow cover. In the Aé area,
the sodium concentration increases in autumn and the low concentra-
tion in summer results from the dilution with snowmelt water as it was
shown with sulphate. Nevertheless, the high concentrations observed
(up to 13 meq!™) are not in agreement with the mineral phases
detected in the material. After the summer period, the increase in
sodium concentration in the upper part of the landslide indicates an
additional source of water. Sodium shows a different behavior, in the
BD area where it is most represented. Unlike the case of the Aé area,
the maximum concentration is observed in summer and drops in the
autumn and winter seasons. These observations highlight the contribu-

tion of an external water in summer without any significant

contribution of snowmelt water. This result suggests that the recharge
from the external water source occurs according to different modes in

the upper part of the landslide (A6 area) and in the BD area.

422 |

Stable isotopes are used to gain information on the origin of the

Identification of the recharge area

water. The 80 content of rainfall (expressed in terms of mean
annual values) usually decreases with elevation. This property is use-
ful to estimate the mean recharge elevation of the aquifer. The local
relation *0/elevation is difficult to assess as it requires a sampling
of rainwater according to the slope and over a long period. This rela-
tion is not available at Super-Sauze and at Draix-Laval but was
established at the La Clapiéere landslide situated 25 km from Super-
Sauze and 46 km from Draix. Snowmelt contributes greatly to the
recharge of the ephemeral springs used for establishing the isotope
gradient at La Clapiere. This impact of snowmelt is also observed
at Super-Sauze. The experimental relationship proposed for summer
and winter at La Clapiére (Gugliemi et al, .2000) has a slope close to
the reference curves established for the Mediterranean region
(between 0.15% and 0.30%o0 100 m L Guglielmi et al., 1998; Novel
et al,, 1999; Celle et al., 2000).
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Figure 8a compares the mean &% 0 in groundwater to the
expected values from the relationship by Guglielmi et al. (2000).
The mean values are calculated from water sampled over 1 year.
The plot indicates that the mean 20 content of groundwater at
Super-Sauze is lower than the one predicted by the regional gradi-
ent. The measured values reported in Figure 8a show that the var-
iations around the mean value can be more than 1%., but all the
points are below the winter curve for the transects A and C. These
depleted values show that the recharge area is significantly higher

than the sampling elevation. At Draix-Laval, the 8O content of
the shallow groundwater is in agreement with the prediction indi-
cating that the water recharge occurs locally. Isotope data on
surface water are far more enriched than model predictions. On a
82H versus 80 plot, the surface water samples collected in
summer are below the local meteoric water line (Figure 8b). This
suggests that the 20 and 2H contents of surface waters are mainly
influenced by local rainwater during the flood events and by evap-
oration processes over the dry period.
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FIGURE 7 Variation over time and area of SO,4 and Na in the ground-
water at Super-Sauze

4.2.3 | Water-rock interaction modelling

As for the leaching experiments, PHREEQC is used to simulate the
observed concentrations in the groundwater. In a first attempt, simula-
tions are performed with an initial rainwater and using the original geo-
chemical and mineralogical information from the laboratory analyses.
Pyrite proportion is 2%. Figure 9a presents the modelling results for
Ca, Mg, and SO, compared with the observed data at Super-Sauze.
As previously noted, the variation in time of the water chemical content
is due to changes in the recharge conditions (dilution by infiltration of
rain and snowmelt waters). The rising concentration, according to the
main water flow directions, is the consequence of an increasing contact
time of water with the soil. This first simulation shows that the model
underestimates Mg content and overestimates Ca content.

The water-rock interactions are then simulated by using the results
of the leaching experiments. At Super-Sauze, the proportion of pyrite is
reduced to 0.6%; the reactive surface of calcite represents 20% of the
calculated value using the Murphy and Helgeson model (Murphy and

Helgeson, 1989). The reactive surface of dolomite is unchanged.
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Figure 9b indicates that the model outputs are improved, although the
Mg content is overestimated. These simulations validate the parameter-
ization of the model from the leaching data (respective proportion of
pyrite, calcite, and dolomite). In order to enhance the quality of geo-
chemical modelling at Super-Sauze, a third set of simulations is carried
out by modifying the nature of the initial water. The results are
presented in Figure 9¢ for an initial water sampled at a spring above
the landslide. This spring drains a part of the rocky massif above the land-
slide; this massif is made up of different formations comprising Argovian
marls and several limestone series. The water from the spring is flowing
at the contact between the Argovian marls and the underlying Callovo-
Oxfordian black marls.The spring water chemistry is dominated by
sulphate (11 mmol-I™%), sodium (7 mmol-I™%), and to a lesser extent mag-
nesium (6 mmol-™%) and calcium (3 mmol-I"%; see Table 4). Figure 9c
shows that the use of the argovian springwater as model input improves
significantly the simulations for Mg content, but Ca content is
underestimated. These results indicate that groundwater recharge
occurred both from the direct infiltration of local rainfall and from water
sources situated on the landslide.

The same modelling approach is used for the Draix-Laval landslide.
A first set of simulations with the original mineralogical parameters (2%
of pyrite) indicates that simulated concentrations are underestimated
for magnesium and overestimated for calcium (Figure 10a). The pyrite
proportion is thus modified with the reactive surfaces of calcite and
dolomite obtained from the leaching experiments. The pyrite propor-
tion is 0.25%, the reactive surface of calcite is 3% of the initial value
estimated with the Murphy and Helgeson model, and the reactive
surface is 150% of the initial estimation. Figure 10b shows a good fit
between the simulated and observed values. Nevertheless, two sam-
ples with the highest observed concentrations in magnesium are not
correctly simulated, while a good fit is obtained for calcium concentra-
tions. These samples were collected in August and September; the
anomalous magnesium concentration for these two dates are

explained by the leaching of a MgSQO, salt following summer storms.
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(a) Plots of 6*®0(H,0) versus altitude for water from Super Sauze landslide and Draix-Laval catchment. Mean values (large black sym-

bols) are represented with the seasonal samples (in small symbols). The isotopic gradients (dashed line: summer; continuous line: winter) was
obtained by Guglielmi et al. (2000) for the La Clapiere landslide. Calibration springs had been sampled during July 1996 (snowmelt period) and
December 1995. (b) 6°H versus 20 in rainwater (over the period 2004-2013 from the Global Network of Isotopes in Precipitation (GNIP)
database, LMW.L: local meteoric water line) and in the Laval streamwater
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FIGURE9 Observed and simulated groundwater chemistry at Super-Sauze (Ca and Mg vs. SO,4; RMSD: root mean square deviation)

MgSO, precipitation from the evaporation of soil water is indeed
observed every summer at the soil surface (Cras, 2005). Unlike at
Super-Sauze, the groundwater chemistry at Draix-Laval can thus only
be explained by local recharge and rainwater-rock interactions.

5 | CONCEPTUAL MODELS OF LANDSLIDE
GROUNDWATER FLOW SYSTEMS

5.1 | Conceptual groundwater flow system at Super-
Sauze landslide

At Super-Sauze, the major sodium anomaly observed in the upper part
of the landslide is not in agreement with the mineralogical bulk. The
only mineral phases containing sodium are Na-Feldspar (albite) and
Na-montmorillonite (smectite). Such minerals are not expected to pro-
vide large concentrations in sodium like those observed in situ. As indi-
cated by the sodium-enriched spring-water at the top of the landslide,
the origin of sodium is clearly outside of the landslide area. Further-
more, isotope data indicate that the recharge area is far higher than

the maximum elevation of the landslide. These two independent

analyses evidence the external supply of water out of the landslide.
This is also confirmed by the geochemical modelling highlighting that
water chemistry could be simulated by water-rock interactions taking
into account an initial water solution representative of the Argovian
spring-water.

High soluble materials, such as evaporitic facies, can be found at
the basement of the klippe of Lan, especially in the Triassic formations
(see Section 2.2).

Figure 11 presents a tentative conceptual model of the Super-
Sauze landslide groundwater flow system. A regional hydrogeological
system develops from the klippe of Lan, which can be considered as
a water tower (I). The abnormal contact of allochthonous series with
the autochthonous black marls creates a hydraulic barrier, which favor
water storage (Il). The dissolution of the Triassic evaporitic series
consisting of high solubility minerals results in a sharp increase of total
dissolved solids before the drainage of water downslope through the
upper Cretaceous meridian faults system crossing the autochthonous
units (Ill). This water is supposed to contribute to the recharge of the
landslide groundwater in the upper part of the landslide. On the Aé
area, the hydrochemical data indicates that the impact of this external

water on the landslide groundwater chemistry rises during low flow
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FIGURE 11 Conceptual model of the hydrogeological system at Super-Sauze

periods (autumn) and decreases in summer after the snowmelt. This
observation suggests a continuous and superficial origin of this exter-
nal water because water dilution (by the direct infiltration of rain and
snowmelt water) is detected (IV). On the B area, the high concentration
in sodium during the summer periods proves that different hydrologi-
cal processes occur. The post-snowmelt recharge periods have a
regional scale influence and result in a rise of the hydraulic head in
the aquifers (even in the klippe of Lan system). The landslide aquifer,
below the B sector, is probably recharged from a deep, preferential
flow-path (active role of the Cretaceous fault system) whose influence
decreases as the hydraulic head lowers (autumn season; V).

All over the extent of the landslide, dilution by oxidizing rainwater
is a favorable factor for pyrite alteration producing protons used for
carbonates dissolution. Consequently, SO4, Ca, and Mg contents
increase downslope as indicated in Figure 6a. Carbonate alteration

by pyrite oxidation was already described in different lithological and
climatological contexts (Gaillardet et al., 1999; Beaulieu et al., 2011;

Dongarra et al., 2009; Vallet et al., 2015).

5.2 | Conceptual groundwater flow system at Draix-
Laval landslide

At Draix-Laval landslide, no hydrochemical anomaly is observed in the
shallow groundwater. The isotope content is in agreement with the
regional model of isotope distribution with elevation (Guglielmi et al.,
2000). The geochemical modelling suggests that groundwater chemis-
try can be fully explained by the interaction between the soil and the
rainwater. The major part of the recharge of the shallow groundwater
system consists of local infiltration of rainwater (Figure 12; I). How-
is more enriched in sodium than shallow

ever, stream water
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FIGURE 12 Conceptual model of the hydrogeological system at Draix-Laval

groundwater. As for the Super-Sauze landslide, this anomaly in sodium
points out the influence of a deep water source at the catchment scale.
The Laval catchment is crossed by the Col de la Cine meridian dextral
strike-slip fault dated from Oligocene. Triassic evaporite facies are
observed along this major fault in depth. A deep drainage of water
(1) occurs nearby the fault, resulting in a high sodium content in the
river water. In the same area, Lofi et al. (2012) used borehole geophys-
ics, and artificial tracing to demonstrate that water flows through open
faults in the black marls bedrock can be observed. The impact of this
deep water flow in the fault system is mostly detected in the river

during low flow periods.

6 | DISCUSSION

6.1 | Impacts of bedrock and surficial groundwater
systems on slope stability

At Super-Sauze, the slip surface is about 20-m deep. Previous studies
showed that rainwater or snowmelt water could infiltrate through the
soil, possibly using preferential pathways such as the crack network
induced either by the soil deformation (Stumpf et al., 2012) or by swell-
ing-shrinking processes affecting clay minerals (Debieche et al., 2012;
Krzeminska et al., 2012). All these processes assumed an impervious
bedrock. The groundwater chemistry (Figures 6 and 7) and the isotope
analyses (Figure 8) allowed proposing a conceptual model where the
shallow (e.g., local) groundwater system is superimposed to the bedrock
(e.g., regional) system developed from the klippe of Lan (Figure 11). This
situation assumes a groundwater outflow through the bedrock from a
set of active fractures. Thus, an upward flow in the upper part of the
landslide will result in a rise of the hydraulic head and a higher gradient
of water head than anywhere else in the aquifer system. As Binet et al.
(2007) stated, “even if the slip surface is developing in a same material,
it plays a role of discontinuity for groundwater flow with a rise of poros-
ity and hydraulic conductivity.” This upward water inflow can result in
large ranges of pore water pressure built up below the slip surface
but can also act as fluid facilitating the sliding.

At Draix-Laval, groundwater chemistry did not reveal any anomaly

during the observation period, suggesting that groundwater recharge

occurs mainly from local rainwater (Figures 6, 8, 10, and 12). However,
at the scale of the hydrological catchment, an upward deep outflow via
a regional major fault is detected in the stream (Figure 6).
Consequently, water outflows from the bedrock (as observed at
Super-Sauze and Draix-Laval) suggest that this hydrological situation
could be common in black marls slopes in tectonized region such as

the Alpine area.

6.2 | Impact of pore water chemistry on the clayey
soil structure and the mechanical parameters

Dilute water results in a reduction of shear strength (Moore and
Brunsden, 1996; Di Maio et al., 2004, 2014; Picarelli et al., 2006), espe-
cially for material in which smectite is the dominant clay mineral and in
which Na is progressively substituted by Ca on the clay surface. Thus,
if the total ionic concentration of water is increasing, shear strength
and soil stability increase. However, the ionic strength of the solution
is not the unique factor explaining clay sensitivity. The relative concen-
tration of the different elements, according to the mineralogy (Bogaard
et al, 2007) or to the total concentration (Andersson-Skold et al.,
2005), has also to be considered.

In black marls slopes, total dissolved solids in groundwater can
reach values higher than 5 g:1"* and lower than 0.2 g/I"* when dilution
occurs during rainwater infiltration. At Draix-Laval where the propor-
tion of interstratified illite/smectite reaches 30%, rainwater can infil-
trate through the surficial crack systems and contribute to the drop
of material cohesion by leaching pore water and promoting inter-parti-
cle repulsion. At Super-Sauze, this process has a minor impact because
of the low proportion of smectite (less than 5%) in the media. How-
ever, the high sodium content observed in the pore water (mean value
up to 10 mmol-I™* and a maximum of 18 mmol-I™%) results in a rise of
sodium in the clay-humic complex, which, in turn, triggers the disper-
sion of clay particles (Saidi et al., 2004). This disaggregation leads to
a decrease of shear strength but also to an enhanced mobility of the
clay particles contributing to the clogging of pores and the drop of
hydraulic conductivity. The formation of impervious layers inside the
soil mass can thus provoke the increase of pore water pressures and

trigger slope instability.
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6.3 | Future investigations

The hydraulic conductivity of the soil units and the hydraulic gradients
are first-order factors controlling slope instability. However, the esti-
mation of water pressures requires a more detailed knowledge of the
hydraulic head distribution than the one currently integrated in land-
slide hydrological models (Malet et al., 2005; Bogaard and Greco,
2016). At Super-Sauze, the knowledge of hydraulic heads variation is
limited to the shallow part of the landslide (<4 m). A set of variable-
depth boreholes till the bedrock are necessary to measure vertical
hydraulic gradients and detect deep flows through the bedrock.

Weathering of the black marls material result in strength regain on
the long-term because of the increase of the residual angle of friction
(Maquaire et al., 2003) in relation to the chemical alteration of the clay
minerals. This result is independent of the pore water chemistry, which
was not investigated in this work. Assuming a constant pore water
chemistry concentration, the black marls material is becoming more
stable with time but this situation may change in case of transient var-
iations of pore water chemistry according to changes in the recharge
conditions. We thus hypothesize that some of the landslide condition-
ing factors can be related to grain-scale processes, such as a gradual
modification of the hydrological properties by pore clogging or
changes in electrostatic strengths by variations in the pore water
chemistry. Further laboratory investigations are required to specify,
for different materials, the role of water-rock interactions in the pro-
cesses affecting the material cohesion. Information is required on the
changes of soil porosity and hydraulic conductivity with dissolution/
precipitation of the soluble mineral phases and with the pore water
quality affecting the stability of clay minerals.

7 | CONCLUSION

Groundwater-surface waters interactions at slope and catchment
scales and their implications for landsliding in clay-rich slopes have
been investigated in two experimental sites in the Southern Alps. At
Super-Sauze, field and laboratory hydrogeochemical investigations
confirmed that hydrochemical anomalies were explained by the contri-
bution of the bedrock groundwater system to the local hillslope
groundwater flow. This external water flow occurs in the upper part
of the landslide at the contact between the black marls and the overly-
ing formations, or at the landslide basement via a fault network. In
both cases, the result is an increase of the hydraulic head in the system
increasing slope instability. The presence of evaporites at the base-
ment of the klippe of Lan topping the landslide provides Na-enriched
waters, which are suspected to promote weathering of the marls by
the dispersion of clays. At Draix, groundwater recharge in the Laval
landslide occurs only from local rainwaters; however, a catchment
scale analysis indicates that deep groundwater flows participate to
the low discharge flows in the river.

Interactions between multi-scale hydrogeological systems are rel-
evant in mountainous areas and can be an additional factor for slope
instability in already fragile environments (steep slopes, alteration-
prone material). Many questions remain about the way these deep
flows contribute to the landslide dynamics. For instance, further inves-

tigations are needed to assess the impact of the deep water chemistry

on the black marls geotechnical resistance. Active geochemical pro-
cesses such as pyrite oxidation and carbonate dissolution control the
chemical alterability of the black marls.
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