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Abstract:

Rainfall is one of the major triggering factors of landslides, and its pattern controls their temporal behaviour. Characterization
of the groundwater processes and possible preferential infiltration of rainfall is necessary, challenging and very relevant for
landslide hazard analysis. The objective of this paper is to identify the groundwater dynamics (matrix flow and preferential flow)
within highly heterogeneous and fissured reworked black marl material, using a large-scale infiltration test. The artificial rainfall
experiment over a 100 m2 infiltration plot monitored with several hydrological, hydrochemical and geophysical equipments was
carried out on the Super-Sauze mudslide (South French Alps). High resolution groundwater and water quality measurements
were collected. Artificial rainfall was applied over a period of 14 days. Conservative tracers (Br� and Cl�) were used
successively during the infiltration period. The mean rainfall intensity was 8Ð5 mm h�1 with a mean tracer concentration of
100 mg l�1. The hydrodynamic and hydrochemical responses of the tracing experiments allowed us to get a new insight into:
(1) the horizontal and vertical variability of the rain infiltration in unstable black marl hillslopes; (2) the effect of shallow
fissuration on the groundwater recharge; (3) the role of piston flow on the rate of water level changes and the increase of pore
water pressures and (4) the effect of material heterogeneity in the development of preferential water flows and local perched
water tables. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION

What is the impact of infiltration conditions and subsur-
face flow processes (preferential vertical flow, interaction
with matrix flow) upon slope stability? In most moun-
tainous areas, the answer to this question is of primary
importance to improve landslide hazard forecast. Because
of their swiftness, of the possible fluidization pattern and
of the large mass involved, mudslides are one of the
most dangerous natural disasters. Their occurrence is a
function of factors such as slope angle, geometry of the
mobilized mass, soil strength and pore water pressure. All
these factors are relatively stable in time except for water
pressure and partial saturation, which are related to the
rainfall infiltration and can change rapidly. The increase
of pore water pressure and partial saturation decreases the
effective stresses in the soil and thus affect slope stability.

In a homogeneous medium, water flow can be
described by the Richard’s equation for both saturated
and unsaturated conditions. However, in a heterogeneous
soil, there is no generally accepted equation to simu-
late the water flow. This is mainly due to difficulties
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arising in describing the interactions between the flow
processes in different domains. Several approaches have
been proposed such as dual-porosity (van Genuchten and
Wierenga, 1976), dual-permeability (Pruess and Wang,
1987; Gerke and van Genuchten, 1993; Jarvis, 1994),
multi-porosity and/or multi-permeability models (Gwo
et al., 1995; Hutson and Wagenet, 1995). The results
obtained with these approaches show good results as long
as the soil has a relatively low degree of heterogene-
ity and as a good knowledge of the spatial distribution
of the heterogeneity exists. In mudslides, the soil shows
abundant small and large scale heterogeneities which also
evolve in the course of the time. Fissures may open or
close depending on the deformation rates which results
in changes over time of the permeabilty. Obviously, to
describe the hydrodynamics in such a medium is a tough
job. However, this heterogeneity is of major importance
on the water flow in the mudslides. Two major aspects
of the influence of soil heterogeneity will be discussed
in this work: the influence of preferential flow paths and
the influence of local perched water bodies.

Preferential flow paths are of two types: (1) bypass
flow, through macropores and fissures (active when the
inflow rate exceeds the infiltration rate of the soil matrix)
and (2) fingered flow, linked to the high non-linearity
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of unsaturated flow processes even for macroscopically
homogeneous soils (Liu et al., 2005). Consequently, two
roles of preferential flow paths in mudslides can be
observed. On the one hand, preferential flow paths give
rapid access to the groundwater system, shortening the
response time of triggering events and increasing the
frequency of failures; on the other hand, they ease
the drainage of the groundwater body within the matrix
during dry periods and limits pore water pressures, which
may reduce the extent of potential unstable areas within
a slope (McDonnell, 1990; Uchida et al., 2001; Uchida,
2004). Furthermore, the heterogeneous character of a
mudslide facilitates the development of perched water
bodies or even perched aquifers, often in the topsoil
layers. This plays an important role in (1) superficial
slope stability (e.g. soil slips) and (2) the amount of
water that refills the deeper groundwater table, thus
influencing slope stability on a larger spatial and vertical
scale.

A better understanding of the influence of soil hetero-
geneity on the hydrodynamics of mudslides requires on-
site investigations. Environmental tracing (Bogaard et al.,
2004; Kabeya et al., 2007; Viville et al., 2007; Cras et al.,
2007) or artificial tracing (Einsiedl, 2005; Mali et al.,
2007) combined to hydrological surveys are among the
most convenient investigation methods to characterize the
subsurface flow, as the hydrodynamic and hydrochemi-
cal responses contain information on the water pathways.
Artificial tracing is often carried out at the laboratory
scale (Allaire-Leung et al., 2000; Allaire et al., 2002;
Larsbo and Jarvis, 2006) or with lysimeters (Stumpp
et al., 2007). Plot scale artificial tracing of subsurface
water flow is seldom studied owing to investigation dif-
ficulties in the field (Hirotaka et al., 2004; Binet et al.,
2006).

This paper presents the results of an experimental
investigation carried out on a large plot (100 m2) located
on the Super-Sauze mudslide. The Super-Sauze mudslide
is a typical example of mass movement developed in the

black marl outcrops of the South French Alps (Lacube
and Durville, 1989; Malet et al., 2005a,b). Water flow
conditions in the Super-Sauze mudslide have previously
been investigated from various experimental approaches
(Malet et al., 2003; Grandjean et al., 2006; De Montety
et al., 2007). A first modelling exercise has been pro-
posed by Malet et al. (2005b) with a conceptual 1-D
description of rapid infiltration. The present experiment
consists in applying bromide- and chlorite-enriched arti-
ficial rainfall during two periods of 3 days. Multi-point
hydrological and hydrochemical monitoring has been car-
ried out throughout the experiments.

The present paper aims at unravelling the hydro-
dynamic and hydrochemical response to rainfall forc-
ing with the use of a large-scale tracing experiment
and specifically to (1) determine the horizontal and
vertical pattern of water infiltration in the mudslide;
(2) characterize the groundwater behaviour and the flow
distribution as a function of soil heterogeneity and
(3) generalize the above observations in a conceptual
model describing the hydrodynamic behaviour of the
mudslide.

EXPERIMENTAL SITE

The Super-Sauze mudslide is located in the south-east
French Alps (Alpes-de-Haute-Provence). The elevation
ranges from 1740 to 2105 m, the average slope is of
25° and the area stretches roughly over 11 ha (825 m
long and 135 m wide on average; Figure 1a). Callovian-
Oxfordian black marls constitute most of the geology
formations. The movement of the mudslide ranges from
0Ð01 to 0Ð40 m day�1 (Malet et al., 2005a). The ground-
water originates mostly from rainfall infiltration and to
a certain extent from deep water sources along major
faults (De Montety et al., 2007). One spring (Goutta)
spurts above the mudslide (Figure 1a) in a moraine
formation.

Figure 1. Overview of the experimental plot. (a) Picture of Super-Sauze mudslide, (b) Geology of the mudslide (Malet, 2003), (c) Mean maximal
velocity of the mudslide observed during the period 1996–2002 (Malet, 2003)

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. (2011)



HYDROLOGICAL AND HYDROCHEMICAL PROCESSES OBSERVED IN THE MUDSLIDE

The experimental plot (14 ð 7 m2) is located in
reworked black marls in the most active part of the
mudslide (Figure 1). The average slope of the plot is
of 20°. The mean maximal displacement velocity varies
between 0Ð02 and 0Ð03 m day�1 (Travelletti et al., 2008).
The bedrock lays at 7 m of depth and is assumed to
be homogeneous. The mudslide materials consist of a
silty-sand matrix mixed with moraine debris. They are
highly heterogeneous owing to the different levels of marl
alteration and the mixing induced by mass movement pro-
cesses along the slope (Malet, 2003). Permeabilty of the
matrix varies greatly because of the variety of secondary
mass movement processes influencing the material dis-
tribution, such as mudslide accumulation lobes or local
wash deposits. Wrapped within the matrix, unweathered
marly blocks may also produce local hydraulic barriers
(laterally or vertically; Malet et al., 2003).

The morphological pattern of the experimental plot can
be split in two parts (Figure 2): the eastern side, where
some fissures appear at the surface, and the western side
where the surface seems not influenced by fissures. All
the fissures of the infiltration area are characterized by
their length (0Ð1–1 m), depth (0Ð05–0Ð25 m), and the
distance between the fissures (0Ð05–0Ð50 m). In the upper
part, all the fissures have an E–W orientation, but in the
downslope part only one fissure is visible and it has a
N–S orientation.

EQUIPMENT AND METHODS

The tracing infiltration experiment was conducted with
two tracers (Cl� and Br�) and over two periods of 3 days:
the first (10–13 July 2007) with a mean rainfall intensity
of 8 mm h�1 and 90 mg l�1 of bromide concentration;
the second (17–20 July 2007) with a mean rainfall inten-
sity of 9 mm h�1 and 100 mg l�1 of chloride concentra-
tion, and in between 4 days of rest to allow most of water
to drain or evaporate. The equipment and the hydrolog-
ical and hydrochemical monitoring set-up are presented
in Figure 2.

The average annual rainfall in Barcelonnette (5 km
from Super-Sauze landslide) over the period 1994 and
2002 is of 790 mm and the annual average hourly
intensity of a rain event is 12 mm h�1 (Malet, 2003).
This value of the intensity rainfall slightly outstrips the
artificial rainfall intensity.

- Rainfall observations: six rotary sprinklers were used
to apply the artificial rainfall. They were located all
around the experimental plot and spaced out 7 m
apart. The water used for the tracing experiment was
taken from the Goutta spring (Figure 1) because of
its low degree of mineralization (higher electric con-
ductivity than that of rainwater mostly due to greater
bicarbonate content) (Table I). The water towards the
experimental plot ran through flexible water tubes and

Figure 2. Monitoring set-up in the experimental plot
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blended with tracer in a 5 m3 water tank. A cumulative
water-meter controlled the input volume. Hereafter,
the water was stored in two basins, from where it was
pumped and transferred to the sprinklers with 1Ð5–2
bars of pressure.

Fifteen rain gauges (maximum depth 30 mm) were used
to control the rainfall depth and areal distribution.
They were placed at 3 m regular intervals over the
experimental plot. The rainfall depths were hand-
recorded at variable time steps (1–3 h).

- Evaporation observations: two types of lysimeter
measurements were performed to determine the soil
evaporation; constant head (Aboukhaled et al., 1982)
and micro-lysimeters (Boast and Robertson, 1982).
Two in-situ, constant head lysimeters were made of
polyvinyl chloride (PVC) tubes (15 cm inner diam-
eter, 50 cm length) to measure soil evaporation. The
constant head lysimeters, kept nearby saturation (water
level at 10 and 25 cm below surface), estimated the
maximum soil evaporation during the experiment. The
microlysimeters consisted of standard Kopecky rings
of 100 cm3 (Javaux and Vanclooster, 2006). They
were used to determine the actual soil evaporation by
weight difference over a 24-h period. These lysime-
ters were installed at around 15 m from the infiltration
plot. The evaporation measurements were carried out
every day.

- Run-off observations: two weirs (Neyrpik Alsthom
trademark—type A) were used to measure the over-
land flow. They were set up 15 m downstream of the
experimental plot. The overland flow was sampled 24
times over the period 11–13 and 19 July 2007 and
a total of 30 manual discharge measurements of the
overland flow were carried out over the period 17–19
July 2007.

- Hydrological observations in the unsaturated zone: the
experimental plot was equipped with: (1) sixteen soil
moisture devices consisting in seven Time Domain
Reflectometry (TDR) probes (Campbell Scientific CS
616 and CS 615), four WaterMark sensors (257 series)
and five theta tubes (PR1/6 w-02) to measure the
vertical soil moisture profile at 0Ð1, 0Ð2, 0Ð3, 0Ð4, 0Ð6
and 1Ð0 m depth; and (2) eight water tension sensors
(4 UMS T4 (serial 813) and 4 SDEC). The soil water
content and water pressure was monitored with a
sampling rate of 1 min over the whole period of the
experiment (13–24 July 2007).

- Hydrological observations in the saturated zone: A
total of 37 open standpipe piezometers were installed
at different depths (12 piezometers at depths of
0Ð75–1Ð25 m (noted BI-letter), 12 at depths of
1Ð25–2Ð25 m (noted BI-odd number except piezome-
ter BI-12) and 13 at depths of 2Ð25–3Ð50 m (noted
BI-even number). The annular spaces surrounding
the piezometer screens were filled with sand/gravel
pack over the height of 0Ð5, 1Ð0 and 1Ð0 m, respec-
tively. On top of that, a bentonite seal was added
over a height of 0Ð25, 0Ð50 and 0Ð50 m, respectively
and finally soil was backfilled. The piezometers were

nested in trinomes at different depths to study the
vertical hydrodynamics. Thirteen of these piezometers
were equipped with automatic recording water pres-
sure devices (Diver, Keller and Paratronic sensors)
with a recording rate of 1 min.

- Physico-chemical measurements and chemical analy-
ses: A total of 1300 samples were collected during
the experiment. Several physico-chemical parameters
were measured in-situ (temperature, pH, EC and Eh
using pH/Cond 340i/set -WTW- and redox -Ag/AgCl-
probes). A total of 330 samples were analysed for
major cations content (Ca2C, Mg2C, NaC, KC) using
atomic absorption spectrometry (Spectr AA-640, Var-
ian) and 1130 for anions concentration (Cl�, Br�,
NO3

�, SO4
2�) using HPLC (high performance liquid

chromatography, Dionex DX-120).
During both rainfall periods, the water was sampled every

1 h in piezometers BI-J, BI-19 and BI-20, every 3 h
in piezometers BI-C, BI-E, BI-6, BI-9 and BI-10 and
every 6 h in the remaining piezometers. During the
in-between period and after the second rainfall period
(20–23 July 2007), the sampling rate was of one
sample per day for all piezometers.

The applied rain water was measured directly in the two
reservoirs for the physico-chemical composition after
each filling of the reservoir (the time step was typically
1 h). Water samples were stored in the field in an
isolated box kept in a shaded area and afterwards at
the laboratory in an air-conditioned room (19 °C).

Figure 3 summarizes the hydrological and hydrody-
namic monitoring and sampling of the water during and
after the experiment.

- Permeability measurements: the permeability of the
topsoil of the experimental plot was determined by the
Slug-test method (Bouwer and Rice, 1976). Several
tests were realized in nine piezometers: two (BI-A and
BI-C) at 1 m deep; two others (BI-1 and BI-9) at 1Ð5
and 2 m deep, respectively and five (BI-6, BI-8, BI-18
and BI-20) at 3 m deep.

RESULTS AND DISCUSSION

Hydrodynamic variations

Figure 4 summarizes the temporal and spatial pattern
of the groundwater levels of all the piezometers which
were equipped with dataloggers compared to the initial
water levels.

In Figure 4a, three types of hydrological response can
be distinguished:

- Attenuated input–output (Figure 4a-A): this behaviour
shows a progressive increase of water level at the
beginning of the experiment with a slow decrease
afterwards. The water level slowly returns to its initial
level but often remains slighthy above it. This is

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. (2011)
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Figure 3. Overview of the experimental monitoring

Figure 4. Temporal and spatial hydrodynamic behaviour of the experimental plot. (a) Temporal hydrodynamic behaviour; (b) Spatial hydrodynamic
behaviour

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. (2011)
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interpreted as matrix flow with a relatively low lateral
permeability compared to the vertical permeability;

- Fast input, delayed output (Figure 4a-B): a steep rise
of the water level at start. After the experiment, the
water level does not return to its initial level. This
indicates easy infiltration via preferential flow paths
in the matrix but once filled they cannot drain rapidly.
Piezometer BI-9 demonstrates such type of behaviour
as it shows a fast reaction at the beginning of the
experiment but the level does not drop in the dry
period. During the second test, this piezometer shows
a very limited reaction. These areas basically store
the water for a certain period and only release it very
slowly;

- Fast input–output (Figure 4a-C): a very fast response
to rainfall as well as sudden water level drop after
rainfall ceases. The water level then returns to its
initial level. This is representative of a well-connected
fissure system.

These observations lead to the following interpretation
of the role of preferential flow. First, in case of fast input-
delayed output, the secondary porosity of macropores and
fissures increases the infiltration capacity of the soil and
can facilitate infiltration into the matrix but as doing so, it
increases interstitial pore water pressure. Second, in case
of fast input–output system, the fissures rapidly drain the
rain water. As a result, the interstitial pore water pressure
decreases.

The distribution of the different types of hydrological
responses (Figure 4b) shows no direct relation with:

- the surface fissures (Figure 2). Preferential flow can
occur in the area with or without fissures visible at
the surface (BI-9 and BI-20).

- the rainfall variability (Figure 5): the six sprinklers
were positioned as such to ensure an even distribution
of rain over the entire experimental plot and min-
imize overlap. Nevertheless, a large variability was
observed between minimum and average rain (�40%)
and between average and maximum rain (70%). Most
of the piezometers are located between the rainfall
intensity contours of 7 and 11 mm h�1 (Figure 5).
This areal rainfall variability seems to have minor
impact on the hydrological dynamics in the sub-
surface. The hydrodynamic reaction observed in the
piezometers was not related to the rainfall distribu-
tion. Piezometers BI-1, BI-9 and BI-11 (1Ð5, 2Ð0 and
2Ð0 m deep, respectively) are located in the area with
different average intensity (7Ð8, 9Ð0 and 10Ð9 mm h�1,
respectively) and show the same hydrodynamic reac-
tion. On the contrary, piezometers BI-2 and BI-6 (3Ð45
and 3Ð00 m deep, respectively) are positioned in an
area with nearly the same rain intensity (9Ð2 and
9Ð5 mm h�1) and show quite different hydrodynamic
reactions (high and low, respectively).

The rainfall variation during the experiment (11–20
July 2007) in the whole experimental area averaged

Figure 5. Spatial distribution of the average artificial rainfall

1Ð8 mm h�1. The water level development showed that
these input variations together with the discrete sampling
of water for hydrochemical analysis resulted only in a
noisy hydrodynamic signal. These short-term variations
in water level banned getting a smoothed response
but had no consequence on the general trend of the
groundwater variation.

Figure 6 shows in detail the different hydrological
responses with depth during the experiment:

- in the south-west corner, two piezometers (BI-A and BI-
1) located at 1Ð0 and 1Ð5 m depth showed comparable
responses to the rainfall input, whereas an attenuated
response was observed for BI-2 at 3Ð5 m depth. A
1Ð0–1Ð4 m water level difference before, during and
after the rainfall experiment was recorded between the
BI-A and BI-2 which have their screens on 0Ð5–1Ð0 m
and 2Ð5–3Ð5 m, respectively. Very high hydraulic
gradients were observed between distant piezometers
at different depths (for example 50° between BI-C and
BI-8 which is much more than the surface slope). But
for same depth piezometers (deep piezometers BI-2
and BI-8 or shallow piezometers BI-1 and BI-11), the
hydraulic gradient (15Ð6° and 20Ð0°, respectively) was
lower than or equal to the ground slope (20°).

- the piezometers BI-C and BI-6 which were located
in the south-east corner at 1Ð0 and 3Ð0 m depth,
respectively showed a 1Ð5–1Ð6 m head difference, but
they recorded the same temporal behaviour. Clearly,
the two systems cannot be connected to each other
as they should have had the same water level.
However, their reaction to the rainfall input was

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. (2011)
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Figure 6. Groundwater level evolution of the piezometers at different depths

Figure 7. Water tension and soil moisture changes in the experimental area

similar. This will further be investigated with the use
of tracers.

These observations prove the existence of several
perched water bodies in the mudslide. This has two
possible consequences for the triggering of movement
within the mudslide. It decreases the rainfall infiltration
and percolation towards the deeper groundwater and
thus the possibility of global landslide acceleration; at

the same time, it increases the water level close to the
subsurface which could result in local shallow soil slips.

The monitoring network in the unsaturated zone gave
limited insight. This is basically due to technical prob-
lems with several of the devices, to the lack of calibra-
tion curve due to missing temperature data (Watermark
devices) or also to the fact that the soil around the devices
was saturated. Only tensiometer T10 (located near the
piezometers BI-E,9,10) gave some results although being
affected by temperature influence (Figure 7). Among the

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. (2011)
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soil moisture measurement devices only the TDR CS
616-4 (located in the centre of experimental area and at
0Ð15–0Ð45 m depth (Figure 7)) could be used, although
it could not be calibrated against a field specific cali-
bration. Figure 7 shows a rapid increase of soil moisture
content and decrease of water tension after the start of the
artificial rainfall, indicating a fast infiltration into the soil.

Hydrochemical changes

Initial hydrochemical conditions before the experiment .
Table I gives the chemical composition of the groundwa-
ter at the experimental plot, the mudslide area, the Goutta
spring and of the natural rainfall.

The chemical composition of the groundwater is char-
acterized by a large range of electrical conductivity
(140–7000 µs cm�1) and by three dominant elements:
sulphate (average 1621 mg l�1), bicarbonate (average
268 mg l�1) and calcium (average 238 mg l�1). The
Goutta spring water has a low conductivity (238 µs cm�1)
and only contains as dominant elements: bicarbonate
(117 mg l�1) and calcium (28 mg l�1). This difference
in water quality allows monitoring the artificial rain infil-
tration and its circulation in the subsurface.

General evolution of the characteristic elements during
the experimentation. Three elements were selected to
monitor the hydrochemical changes of the groundwater
during the experiment:

- Cl� and Br� to trace the artificial rainwater, because
these anions are absent (Br�) or have a very low
concentration (Cl�, 0–33 mg l�1) in the groundwater.
Anion tracers are not subject to adsorbtion and ion
exchange with clayey soils as clay minerals are also
negatively charged. Nevertheless, they might not be
perfect conservative tracers as they do not behave
like water molecules, because of anion exclusion
which accelerates the anion transport (Schoen et al.,
1999a,b). This mechanism may result in a slight
overestimation of the groundwater recharge dynamics.

- SO4
2� to trace the natural groundwater, because this

anion is abundant in the groundwater system and
only present in low concentrations (17 mg l�1) in the
Goutta source.

The Br�, Cl� and SO4
2� concentration time series

during the experiment indicate three types of response
(Figure 8):

- a high response in piezometers BI-C, J, 2, 9, 11, 17,
20 showing a sharp increase in bromide and chloride
(up to 60–120 mg l�1) concentrations, and rapid drop
of sulphate concentrations. This response indicates a
good mixing of event water (tracer) with pre-event
water (groundwater). The maximum contribution of
the artificial rainwater was up to 50–95% of the total

Figure 8. Observed hydrochemical changes in water quality during the rain experiment
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flow (ratio of maximum observed tracers’ concentra-
tion in groundwater and average artificial rainwater
concentration; the pre-event concentrations of Br� and
Cl� are zero);

- a moderate response in BI-A, B, D, E, F, K, 1, 8,
10, 12, 21, 22, BV-24, which can be attributed to an
increase of concentrations of bromide and chloride in
the range of 20–60 mg l�1 and only a slight dilution
of sulphate. This indicates a moderate mixing of event
water (tracer) with pre-event water (groundwater). The
event water contribution is of 15–50% of the total
flow.

- no or limited response was detected in piezometers
BI-3, 4, 6, 7, 15, 16 and 18 where the concentration
of bromide and chloride remained low (<20 mg l�1).
This indicates a low amount of mixing of tracer with
groundwater, in the order of less than 15% of rain
water contribution.

Comparing the hydrological observations with the
hydrochemical changes (Figures 4 and 8) illustrates that
the moderate response coincides with an attenuated input
and output (BI-A and BI-8) and that the high responses
take place simultaneously with the fast input–output
systems. Opposite however, piezometers BI-6 and BI-
18 show a relatively fast input and output hydrological
response and low tracer concentrations. This can be
explained by water pressure (piston flow mechanism).

This effect cannot be observed with just hydrological
monitoring, and therefore underlines the importance of
chemical observations.

Looking closely to the spatial distribution of the hydro-
chemical information (Figure 8b), it can be observed that:

- there is no relationship between the observed superficial
fissure characteristics and tracer reaction, except for
the shallow piezometers (BI-C and BI-B) in the south-
east corner of the experimental plot. The piezometer
BI-C (located inside the plot) has a high tracer
response and the piezometer BI-B (located outside the
plot) shows a moderate tracer response. This indicates
a possible hydrological and hydrochemical connection
between the two piezometers;

- there is no clear relationship between the depth of
the piezometers and the tracer response. High tracer
concentrations were found at different depths (1, 2
and 3 m), indicating fast preferential flow. Figure 8
indicates that moderate to high concentrations in
Br� and Cl� were measured in shallow piezometers.
A systematic impact of the applied rainwater was
observed at low depths.

Figure 9 presents the comparison between the depth of
the piezometer, the permeability, the measured ground-
water level and the chemical characteristics.

Figure 9. Relationship between the depth of the piezometer, the permeabilty, the measured groundwater level and the hydrochemical characteristics
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The maximum concentrations of bromide and chloride
are strongly correlated (R2 D 0Ð85). This indicates that
no significant modification in the soil structure and flow
paths occurred inside the experimental plot between the
first and second experiment. However, no correlation was
found between the tracer concentration (Br� and Cl�),
the permeability, the water level or the depth of the
piezometer. This can quite be expected in a soil with
such a high degree of heterogeneity.

Water and chemical budgets

The water budget was calculated over the period
10–23 July 2007 using:

VAR D VRO C VGWF C E C Ss C Su �1�

where VAR is the volume of artificial rain; VRO is
the volume of surface run-off; VGWF is the volume
difference of groundwater in- and outflow; E is the
volume of evaporated water; Ss is the volume change of
the saturated zone storage and Su is the volume change
of the unsaturated zone storage.

The water budget equation is written for steady flow
conditions prior to the experiment. Groundwater flow
variation downstream was only due to artificial rainfall
over the experimental plot.

The equation used to estimate the artificial tracers (Br�
and Cl�) mass balance is given by:

MAR D MRO C MGWF C MSs C MSu �2�

where MAR is the tracer mass (Br� or Cl�) within the
artificial rain; MRO is the tracer mass in the surface
water; MGWF is the tracer mass transferred groundwater
between in- and outflow; MSs is the tracer mass
variation depending on the storage change in the saturated
zone and MSu is the tracer mass variation depending on
the storage change in the unsaturated zone.

The bromide and chloride masses were calculated from
the chemical measurements and water volume, according
to the following equation:

M D
∫ n

1
C ð V �3�

where M is the mass (mg); C is the concentration of
Br� or Cl� in the water (mg l�1); V is the volume of
water (l); n is the number of chemical observations (the
observations were carried out with 1, 3, 6 and 24 h time
interval and over the period 10–23 July 2007; Figure 3).

Figure 10 indicates run-off as the most significant
water balance term (81Ð4%) whereas only 16Ð6% of the
rain infiltrated into the soil. The water balance indicates
an overestimation of the outgoing water volume by 5Ð8%.

For the tracer mass balances, an underestimation of
0Ð3 kg (5Ð8%) was found for the bromide of 2Ð25 kg
(25Ð2%) for the chloride. Basically, nearly all bromide
applied during the rainfall experiment was flushed out.
The loss of chloride is quite significant but can be
explained because the chloride was only used in the
second experiment and consequently was not totally
flushed out at the end of the simulation. Overall, it can

Figure 10. Water and tracers mass balances for the experiment over the period 10–23 July 2007
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Figure 11. Conceptual model of subsurface water flow paths in the Super-Sauze mudslide. (1) Preferential infiltration; (2) Soil matrix infiltration;
(3) Perched water bodies preventing deeper pore water pressure build-up; (4) Lateral preferential flow draining the groundwater system

be concluded that all major fluxes and stocks of water
and chemical elements are measured and that significant
losses or gains of water are unlikely.

A conceptual model of the subsurface water flow

The results outline that the hydrodynamic and hydro-
chemical changes are very large and could not be inferred
from surface area characteristics. This experiment shows
the predominance of vertical flow leading to high storage
capacity, to the development of local perched water tables
and to the fast deep transversal transfer of water accord-
ing to the fissure network and subsurface topography.
Figure 11 gives a conceptual model of the water path-
ways as encountered within the experimental plot. The
rain infiltrates into the topsoil both through the soil matrix
and preferential flow paths. In places, some impermeable
blocks of unweathered black marls prevent the verti-
cal percolation resulting in small perched water bodies.
The water flow in the deeper groundwater body follows
the overall slope gradient (20°). However, discontinuities
such as fissures or macroporosity will influence the exact
direction of the water flow.

The fact that fissures increases vertical infiltration is
a well-established insight in slope hydrology research.
Our experimental data suggest a double porosity system
combined with highly irregular pore water pressure field
in the landslide body. They clearly outline the extend
of heterogeneity of the pore water pressure distribution
built up because of the (temporal) development of local
perched water bodies and because of the huge lateral
drainage capacity within a landslide body. These latter
two aspects are often neglected in the model approach,
i.e. enhanced surface infiltration is followed by relatively
homogeneous pore pressure built up and lateral Darcian

matrix water flow (Haneberg, 1991; Angeli et al., 1998;
Bogaard, 2001; Malet et al., 2005b).

In hillslope hydrology, research aiming at the under-
standing and quantification of discharge generation
processes from hillslopes and the emerging discharge
processes in heterogeneous soils are now well estab-
lished (Onda et al., 2004; Uchida et al., 2005; Tromp-van
Meerveld and McDonnell, 2006; Weiler and Mcdonnell,
2007). Also, the influence of subsurface topography and
water flow heterogeneity underneath a soil layer has
been reported several times to be very important (Wilson
and Dietrich, 1987; Johnson and Sitar, 1990; Tromp-van
Meerveld and McDonnell, 2006). Additionally, in some
landslide studies, the draining influence of fissures on the
decrease of the pore water pressure has been suggested, as
well as the impact of rapid access to the lower groundwa-
ter system on the triggering frequency and response time
(McDonnell, 1990; Reid and Iverson, 1992; Van Asch
et al., 1999; Uchida et al., 2001; Binet et al., 2007). The
understanding of hydrological behaviour of hillslopes and
the results of our experiment point out that landslides
are subject to heterogeneous pore water pressure built-up
which influences the overall stability and movement of
landslides.

CONCLUSION

A quite complex hydrological conceptual model of the
Super-Sauze mudslide area is proposed with high infiltra-
tion capacity, fast recharge of the (deeper) groundwater
system but also with localized distribution of perched
saturated zones. This study confirmed the relevance of
tracing tests to investigate hydrodynamic processes in
heterogeneous unstable media. Deep groundwater level
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variations were explained by preferential flow processes
(contribution of new water) and pressure transfer (pis-
ton effect). Depending on the observation point, direct
recharge water reached draining zones or conversely was
durably stored. The knowledge that pore water pressure
distribution presents such a large degree of heterogeneity
should be incorporated within slope stability assessment.
Unfortunately, most of the time, field observations are too
limited to perceive such complex lateral subsurface flow
patterns like dead end fissures, fast outflows or unsatu-
rated wedges underneath enclosed low permeable blocks
within the landslide body. This point is of huge impor-
tance as it advises against the unsuitable use of any
forecasting tools simply based on surface observation.
Here research attention should turn towards the devel-
opment of innovative experimental means to investigate
the emerging hydrological behaviour of preferential flow
paths and their organisation within the soil.
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