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Abstract. In order to evaluate the risk of an earthflow to evolve abruptly into torrential surge,
knowledge of its internal structure is necessary. This study deals with the internal structure of the
Super Sauze earthflow developed in black marls in the southern French Alps. Difficulties in this study
area are a rough topography, surface heterogeneities and a large thickness variability of the earthflow
mass. These conditions hamper the application of geotechnical methods as a preferred investigation
mean. Moreover, they pose problems to geophysical investigations and their interpretation.

This paper shows the advantage offered by the joint inversion of Time Domain ElectroMagne-
tism data (TDEM) and data obtained from Direct Current soundings (DC). The results of the joint
inversions are checked using geotechnical data. The internal structure of the earthflow interpreted on
the basis of joint inversion data is comparable to that obtained from geotechnical results. Moreover,
contrary to separate electrical and TDEM inversions, a satisfactory joint inversion model can be
derived without supplying additionala priori information.

Keywords: electrical and TDEM prospecting, earthflow, joint inversion, Simultaneous Electromag-
netic Layered Model Analysis (SELMA) software

1. Introduction

In the southern Alps mountains (Figure 1), and particularly in the Callovo-
Oxfordian black marls of the Barcelonnette basin (Alpes-de-Haute-Provence,
France), several earthflows are active and affect several torrential basins (Julian and
Martin, 1982). These active complex landslides occur on strongly gullied slopes
and associate a landslide at the top of the mass and a flow at its downstream.

Since 1970, the Super Sauze flow mass covers a torrential basin (Figure 2).
In order to evaluate the risk of a catastrophic evolution of the earthflow, it is ne-
cessary to know its volume and internal structure. The moving mass differs from
the substratum for its water content and for its compactness. These characteristics
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influence physical parameters like resistivity and seismic wave velocity, that can
be measured by means of geophysical surveys. This paper reports the results ob-
tained from measurements of electrical resistivity. The results of seismic refraction
surveying, carried out in the same zone, will be a subject of a forthcoming work
(Schmutz, 2000).

The site is characterised by complex conditions:

1. There is an irregular topography, the earthflow mass is strongly heterogeneous
(there are blocks ranging in size from a few to several cubic meters), and
moreover, the flow covers a torrential basin. This means that the substratum
is composed of a succession of parallel gullies and crests that are more or less
buried. The thickness of the flow varies between 0 and about 20 m.

2. The parent material of both the substratum and the earthflow is black marl. This
implies that the resistivity difference between the flow mass and the substratum
might be small. Indeed, the marls nominal resistivity given by Reynolds (1997)
is 30–70� m. But this value can vary as a function of the rock alteration, the
water content, metallic mineral etc. (Archie, 1942). The differences in these
properties between the substratum and the weathered material in the earth-
flow are sufficiently large to distinguish these layers on the basis of resistivity
measurements.

The application of electrical techniques to mass movement investigations is
well established (Palmer and Weisgarber, 1988, etc.). However, the application of
TDEM in earthflow studies is new (Schmutz et al., 1999).

The problem with electrical and TDEM investigations interpreted separately
is that both have certain limitations: electrical methods alone do not well define
the characteristics of conductive layers, while the TDEM technique is not suitable
to define resistive layers. That is why, in order to improve the assessment of the
internal structure and to avoid the disadvantages of both methods, we realised a
joint inversion of the two data sets.

The joint inversion of geophysical data was first attempted by Vozoff and Jupp
(1975), but with reference to direct current and magnetotelluric data sets. Later,
Raiche et al. (1985), Eckard et al. (1994) and Bredewout et al. (1996) inverted data
sets from DC in a Schlumberger array, and TDEM in a central or coincident array.

However, to our knowledge, inversion of DC data in a pole-pole array with
TDEM data in an offset array has not yet been carried out. In this paper this joint
inversion is realised using the SELMA (Simultaneous Electromagnetic Layered
Model Analysis) software (Christensen and Auken, 1992), slightly modified by
two of the authors of the present paper (Yves Albouy and Jacques Vassal).

The objective of this study was to apply the modified software for a joint inver-
sion of 1D data describing a 3D site, and to check the results by comparing them
with those obtained from a geotechnical survey which was especially adapted to
this complex site with a difficult access.
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Figure 1.Location of Super Sauze earthflow, and Geomorphological map of Super Sauze earthflow
with original crests (buried in the earthflow and visible in the torrential basin outside the earthflow).



374 MYRIAM SCHMUTZ ET AL.

Figure 2.Aerial Super Sauze sight (1992) with permission of D. Weber.
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2. General Framework

In a gullied torrential basin with a topography of roughly parallel crests and gullies
(Figure 1), the Super-Sauze earthflow has a characteristic morphology of block
marls that break away from the main scarp (2105 m) by plane ruptures, accumulate,
progressively deform and result in a heterogeneous flow. The toe of the moving
mass is presently at an altitude of 1740 m; the flow has progressed over a distance
of 800 m since it started to move in the 1960’s.

In the downstream direction the flow is characterised by a change of black marls
structure. Further downstream, an area of dislocated and disintegrating blocks
changes into an uneven, rough surface of crumbling blocks and finally into a
slightly uneven surface scattered with calcite and moraine pebbles, weathered
stones and flakes of various sizes. Surface drainage operates in small gullies, rills
and in an axial main intra-flowing gully with intermittent run-off. Furthermore,
there are two lateral gullies with perennial run-off (Figure 1), both incised into
in-situ marls at one side and into the earthflow at the other side.

The in-situ marls reinforce the main scarp and the flanks of lateral gullies, and
also crop out at three places in the accumulation zone (Flageollet et al., 1996). The
marls are compact and comparable to black clay shale. In the overlying earthflow
disintegrating slab stones and blocks of marls vary in size (from a few to several
tens of cubic meters). With distance downslope these sharp blocks of marl turn into
weathered, round and smooth fragments. These fragments fine downstream and are
mixed in a heterogeneous marl-clay formation. This latter formation is composed
of a matrix of fairly fine clay containing pebbles and crumbly flakes. In the wettest
zone of the flow, this formation changes into a very liquid mud (Malet et al., in
press).

The landslide morphology indicates that the moving mass covers a more or
less intact paleotopography of roughly parallel crests and gullies. Depending on
position and direction, this paleotopography has a significant effect on the thickness
of the flow and on water pathways.

The phenomenon of earthflow is very widespread in the world (Keefer and
Johnson, 1983; Flageollet, 1988; Zhang et al., 1991; Dikau et al., 1996; Flageollet
et al., 1999). The Super Sauze earthflow has been the subject of several studies
since the early 1990’s: topographic monitoring since 1991 (Flageollet et al., 1996;
Malet et al., 2000), multi-date photograph-interpretation (Weber and Herrmann,
2000), geotechnical investigation (Flageollet et al., 2000; Malet et al., 2000) and
geophysical survey (Schmutz et al., 1999). The available expertise and background
information about the study area is of great value for the present study.

For a geotechnical investigation, with the difficult accessibility (wet and muddy
zones, large and deep gullies), ‘light’ investigation tools were chosen (dynamic
penetrometer, percussion drilling) supplemented by ‘heavier’ tools (core sampling
bore, destructive drilling). The general principle was to compare the results ob-
tained by these various tools at several points, and then to extend the investigation
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Figure 3.Geotechnical interpretation of theC transect from Genêt and Malet (1997); see Figure 1
for location.

to five cross-sections (A, B, C, D and E, in Figure 1) using the more handy tools
such as the dynamic penetrometer (over hundred and fifty tests) and the percussion
drilling (thirty borings). Geophysical surveys are situated near the geotechnical
survey sections, but not exactly at the same place. That is why the geotechnical
transect scale (Figure 3) is not the same as the geophysical one.

The reconstruction of the pre-event topography was based on both in situ
investigation and photo-interpretation of 1956 and 1995 aerial ortho-rectified pho-
tographs. The pre-event relief can be relatively well-recognised on flanks of the
flow, but is less obvious in the accumulation zone. The buried topography consists
of a series of crests, almost intact in the accumulation zone. Three in-situ crests
emerge more or less permanently from the flow near profile B. The flow is thickest
in the axis of the buried main gully of the 1956 torrential basin (Figure 1).

Three ‘geotechnical’ layers can be identified in the flow based upon resistance
criteria, contrasts in the nature of the soil and shearing of the inclinometric and
piezometric tubes. The flow is composed of (Genet and Malet, 1997; Flageollet et
al., 2000; Malet et al., 2000):

– a superficial unit 5 to 9 m thick (resistance of the rod (Qd) < 10 MPa, pres-
siometric module (EM ) < 15 MPa, surface velocity greater than 5 m/year). A
potential internal slip surface has been identified at about 5 m depth on profile
B and 8 to 9 m depth on profile C. According to the paleotopography and to
the position of the groundwater table, this active unit can be subdivided in two
sub-units (named respectively (1a) and (1b)).

– a deeper unit with a maximum thickness of 10 m on profile C and 5–6 m on
profile B, with unknown internal characteristics. Based on the inclinometric
measurements and the pressiometric trials (EM > 15 MPa, flow pressure (P l)
> 4 MPa), we infer this is a highly compacted body, either stable or very slow
by moving, as identified on the La Valette landslide (Colas and Locat, 1993).
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Thus the accumulation zone is composed of two units, the upper unit is a very
active and very wet viscous mud formation, whereas lower unit is a stiff compact
rigid/plastic and stable formation (impervious material and dry conditions).

3. Geophysical Methods

The electrical resistivity is strongly dependent on parameters like granulometry
and content of conductive materials (water, clay, metal minerals). Its measurement
is thus a suitable tool for the study of earthflow structure. Surveys methods based
on electrical and TDEM measurements allow to calculate the so called “apparent
resistivity”. This parameter integrates the thickness and electrical resistivity of the
layers constituting the soil. Then, the “real” resistivity is determined by solving
the inverse problem, i.e., by proposing a model of the soil which would result in
theoretical values as close as possible to those measured.

The first section describes the different field arrays employed to record the elec-
trical and TDEM data. Subsequently, these data are analysed by separate inversions
and then by using the joint inversion technique. The aim of this analysis is to show
the advantage of this last process in the context of a complex 3D terrain situation.

3.1. FIELD SET-UP

3.1.1. Electrical Survey
The general principle of the survey by electrical sounding (ES), so called “direct
current”, relies upon the injection of an electrical current between two electrodes,
and measures a potential difference between two others (Kunetz, 1966). The ob-
jective of an electrical sounding is to measure resistivity variations with soil depth
at one point. The set-up is carried out by increasing the measurement array. The
measurements include more and more soil. Among the various geometrical con-
figurations, the pole-pole array consists in using one electrode of injection and
one of potential, whereas two others electrodes are known as ad infinitum, i.e.,
at a sufficiently large distance (ten to twenty times spacing between the two first
and each other). This configuration has the advantage of employing a minimum of
electrodes.

The equipment used in this study is the Syscal R1 (Iris Instruments) multi-
electrodes with internal storage which contains so called “intelligent” electrodes.
The latter are controlled by an electronic box containing a device which identifies
the electrodes. The electrodes can have a potential or injection function, and can
be made active or inactive.

The distance between two successive electrical soundings is four meters and the
width of the transect is 144 m. We will present here the results of five representative
soundings. The data were collected during two separate field experiments because
of the restricted number of electrodes available (24):
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– the first survey addresses the surface layers. The number of electrodes available
makes it possible to carry out three soundings simultaneously. The electrode
spacing follows a geometric progression, calculated to minimise the displace-
ments of electrodes between two sequences of measurements: 0.6, 1, 1.6, 2.6,
4, 6.6 and 10.6 m.

– the second one is intended to increase the depth of investigation by program-
ming spacings of: 10.6, 16.6, 26.8, 43 and 68 m.

Longer electrical arrays could not be set out because of lateral heterogeneities and
rough topography (Figure 3). On the western boundary the torrent has created a 4 m
deep and about 10 m wide incision. Moreover the opposite slope is very steep (50◦),
which poses obvious problems to carry out the measurements. To the east, steep
slopes are encountered only 10 to 15 m beyond the earthflow limit and therefore
the measurements could be slightly extended outside the earthflow.

Moreover, in spite of the reasonable maximum spacing (68 m), it is not sure if
realistic substratum resistivities were obtained because of lateral variations prob-
lems that are increasing with the distance. Therefore, a complementary method was
used to reach the substratum: the TDEM.

3.1.2. TDEM Survey
The TDEM (Time Domain ElectroMagnetism) or TEM (Transient ElectroMag-
netism) is a controlled source electromagnetic method (Nabighian and MacNae,
1991; McNeill, 1994). An electromagnetic field, known as primary, is produced
by a current in a transmitter coil. The abrupt turn off of this current generates a
secondary electromagnetic field whose amplitude decays quickly. It is measured
by a receiver coil in the absence of the primary field. The analysis of this decrease
as a function of time makes it possible to quantify the distribution of the resistivities
with depth. Measurements can be donein situ or from airborne survey. The con-
figurations can follow central geometries (transmitter and receiver have the same
centre), or with offset geometries (the receiver coil is placed outside the transmitter
coil). The investigation depth depends on the characteristics of the transmission
and of the subsurface. The main advantages of this method are the good ratio of
the penetration depth over the space required by the layout, and a high sensitivity to
the well-conducting soil layers. The main disadvantages are a rather poor resolution
obtained for the resistive layers as well as a for the near surface layers.

The TDEM apparatus used for the survey is the PROTEM 47 (Geonics Ltd.).
This apparatus is recommended for the investigation of depths going from 2–

3 to 150 m; the transmitting loops must be as close as possible to a square; the
advised dimension of the transmitting loops for this apparatus varies in general
from 5× 5 m for the smallest to 100 per 100 m for the biggest loop.

With respect to this transmitter loop variety, it is necessary to select the
device best suited to the particular field specifications. The appropriate device
should allow to reach the substratum (20–30 m of depth) and have a good lateral
resolution.
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After some trials, the following optimal configuration was selected: a 5× 5 m
square coil, a 12.5 m offset between the transmitter coil centre and the receiver coil
centre, a turn off time of 0.5µs and a frequency of 237.5 Hz. This layout allows us
to reconcile easy use (more than 100 soundings were performed within in five days)
with an optimal signal/noise ratio, while avoiding saturation. The spacing between
the measurement points in the transect to investigate the lateral heterogeneity is 5
m.

Taking into account the heterogeneity of the site and set out type (offset), it is
necessary to check the influence of lateral variation. In order to test this aspect,
azimuthal soundings (according to the four cardinal points) were carried out. The
results fall within the limits which are obtained from the equivalence principles.
Therefore, the assumption of local horizontal layering is justified in the frame of
the layout employed here.

3.2. INTERPRETATION METHODS

Both electrical soundings and TDEM surveys were interpreted by using the
SELMA software (Christensen and Auken, 1992; Christensen and Jacobsen, 1999).

For each separate method the data set is interpreted in a standard 1D scheme.
Models with a minimum number of layers for TDEM soundings were chosen to
fit the shape of the apparent resistivity curves. The resultant solution however is
not unique, because of the principles of suppression and equivalence (Koefoed,
1979). For electrical soundings, the same number of layers was taken to facilitate
the comparison.

The SELMA software implements a standard non-linear inversion scheme
(Mencke, 1984), incorporatinga priori information via a covariance matrixCm
model. The increment1x of the parameter vector is derived from the difference
1y between observed and calculated data by the equation:

1x = [ATC−1
e A+ C−1

m ]−1ATC−1
e 1y

whereA the Jacobian matrix;Ce the diagonal covariance matrix (the data error
covariance);Cm a non-diagonal matrix (covariance matrix model).

The parameter vector includes layer thickness and resistivity, and an anisotropy
factor (square root of the quotient between vertical and horizontal resistivities).
The misfit function takes the standard form:

d2 = 1

N

N∑
i=1

(ρcal
a,i − ρmeas

a,i )
2

var(ρmeas
a,i )

whereρcal
a,i is the apparent resistivity calculated;ρmeas

a,i is the apparent resistivity
measured; var(ρmeas

a,i ) is the variance ofρmeas
a,i ; N is the number of resistivity data.

The user can choose a maximum number of steps and a minimum for the rel-
ative change in residuals (differences between data and responses). If one of these
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two limits is reached the programme stops. This software allows to carry out both
separate and joint inversion. Following Jupp and Vozoff (1975), who have applied
the joint inversion to magnetotelluric and DC data, we put together in the same
data vector DC and TDEM data. Using the same user-defined model the inversion
program is run and the residuals of the entire data set are estimated at each iteration.

For a comparison between the results of separate and joint inversion, five
representative sounding points were taken into consideration. The association of
electrical sounding and TDEM measurement was made considering the position
of the TDEM transmitter coil centre that differs from the electrical sounding point
about± 0.5 m.

4. Electrical and TDEM Separate Inversion

4.1. TDEM DATA

The PROTEM records data at twenty different times. As a result, each sounding
is in theory composed of twenty data points. Nevertheless, the sounding presen-
ted hereafter (Figure 4) has only twelve of them. This is due to the fact that the
background noise prevails from the record 13 to 20. Thus, Figure 4 represents the
twelve apparent resistivities of sounding TDEM no. 5, compared with those ob-
tained from a deterministic modelling. The selected model minimises the number
of layers necessary for the data fitting. In this precise case, this number is four, but
it can vary from one sounding to another according to the moisture state of the first
decimetres of the earthflow.

We note that the curve is very well fitted, except for the points 1, 2 and 12. On
these points cannot be modelled properly. Concerning the first two points, two pos-
sibilities exist: the noise affecting the data or the software. First of all, the software
SELMA does not take into account the bandwidth of the receiver coil. This can
have an influence on the first record but it could not be evaluated. Furthermore,
the induced polarisation effect (IP) was evaluated. It is possible to account for this
effect through modelling. We measured the IP effect on ten samples taken on the
same vertical between 0 and 6 m depth. For the whole set of samples, the maximum
effect of induced polarisation is 40 milliradians. Correcting for this effect using a
model reveals a difference of only 1%. These explanations might be not sufficient
to eliminate the misfitting, but this will not alter the significance of results.

We also note that the resistivity strongly increases at the end of the curve. Per-
haps this might explain the difficulty to model record no. 12. In order to obtain a
mathematical and geologically correct model it is necessary to supply a semi-fixed
depth value in thea priori model, which was allowed to vary within 20–30% range.
Otherwise no realistic model can be given. The model obtained is the following:

– 14�m for the first layer over 3 m thickness,
– 7� m for the second over approximately 1 m,
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Figure 4. TDEM data inversion: example of td05 located in the eastern part of the earthflow (see
Figure 7 for location).

– 48�m for the third over 11 m,

– over 1000�m for the last layer.

This last value is not realistic for a marl formation whatever the rock alteration
state. Nevertheless, the measured resistivity values also depend on the applied
method. The TDEM, being sensitive to the conductors defines poorly the resistant
layers, in particular when the resistivities increase. For this example, the RMS-error
is only 0.47%, but some a priori information was needed to fit the data.
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Figure 5.Electrical data inversion: example of el11 located in the eastern part of the earthflow (see
Figure 7 for location).

4.2. ELECTRICAL DATA

Figure 5 shows the apparent resistivities of the electrical sounding no. 11, as well
as a deterministic model. The selected model uses the same number of layers that
for TDEM inversion.

The inversion correctly fits the mathematical model whether we fix the sub-
stratum depth in the a priori model or not. But a geologically correct model is
obtained only by fixing the substratum depth. If not fixed, the estimated thickness
is unrealistic (about 100 or 200 m depth). Then by fixing the substratum depth, the
RMS-error is 4.7% and the resistivity progression is the following one: the first
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layer has a resistivity of approximately 40� m, the second of approximately 4–5
�m, the third of 20�m and the last is about 800�m (Figure 5).

Our analysis shows that the two separate inversions yield different models for
the same location. Moreover, a geologically correct model can only be obtained
by fixing the depth of the substratum. Taking into account the differences of the
results, the different sensitivity of the two methods, their complementarity and
the necessity to introduce the substratum depth into thea priori model to obtain
realistic results, joint interpretation is essential.

5. Joint Inversion

Joint interpretation is presented in two steps: the first one concerns only one
TDEM-electrical sounding pair. The second one considers a part of profileC

(Figure 3) with five geophysical sounding pairs between the CEP2 and CPZ1 drill-
ings. The drillings allow us to compare and validate the results. Our interpretation
of the drillings differs from that of Genet and Malet (1997) taking into account that
the limit between the earthflow and the substratum is not necessary obvious.

5.1. JOINED INTERPRETATION OF ONE ELECTRICAL-TDEM SOUNDING PAIR

Because of the complexity of the site and the difference in sensitivity of the meth-
ods, the best fit of a model to the electric data and TDEM can only be obtained
by:

– increasing the number of layers of the model (from 4–5 to 6–7),
– allowing the anisotropy of each layer to vary.

The SELMA software is the only package we know that accounts for anisotropy
effects. By default the anisotropy is fixed at 1, but it is possible to let it vary.
Knowing that without this possibility any mathematically and geologically correct
inversion is impossible for our site, the capacity to let vary the anisotropic factor in
the software is of great value. In addition, the fact of having an anisotropy different
from 1 is easily justified for this heterogeneous flow. The result of the optimal joint
interpretation of the surveys studied above is shown in Figure 6. This result was
obtained by introducing six layers and by varying all the parameters (resistivity,
thickness, depth and anisotropy). A good agreement of the inverted model with the
electrical and TDEM data is observed. As for separate TDEM inversion, the first
two points are not well predicted by the model. However, contrary to the separate
inversions the last two electrical points are slightly shifted compared to the model
prediction.

The possible explanation for the misfit of the last TDEM point was given in
Section 4.1. The shift of the last two electrical points can be explained by the
effects of lateral variation which increases with distance, keeping in mind that the
earthflow mass has a large thickness variability (from 0 to 20 m approximately).
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Figure 6.Electrical-TDEM data joint inversion: example of el11 and td05 (see Figure 7 for location).

The RMS-error is only 0.54%: this is almost the same value obtained for TDEM
separate inversion, but here no a priori information was needed.

The resulting model thus consists of six layers whose characteristics are given
in Figure 6. The factors of anisotropy of the various layers range between 0.98 and
1.5, except for the substratum for which a value of 0.1 was found. Although the
substratum is probably less anisotropic, its value is surprising and remains unex-
plained. However, the other values are acceptable considering the studied soil. The
general scheme consists of an alternation of conducting and resisting layers. The
first layer has a resistivity of about 20� m and a thickness of 3 m. Underneath,
there is the most conducting layer with 3.5� m and a thickness of 0.7 m. The
presence of such a layer is mainly supported by the TDEM data, which pointed out
it also in the separate inversion, the TDEM being particularly sensitive to the con-
ducting layers. This layer is followed by another thin layer (1 m) with resistivities
of about 30�m. The fourth layer has a thickness of 8 m and resistivities of 75�m,
the fifth is about 1.4 m for 37� m. The last layer has the highest resistivity: 450
� m. This high value suggests that the substratum has been reached. According to
the results of the joint inversion, the substratum is found at a depth of about 14 m
without fixing any parameter into the a priori model. Considering that the depth of
the substratum determined by the drilling CEP2 was 15.2, the agreement with the
results obtained from the joint inversion appears very good.
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Figure 7.Joint interpretation of 5 electrical-TDEM sounding pairs and comparison with geotechnical
reinterpretation (see Figure 2 for location).

5.2. JOINED INVERSION ON FIVE ELECTRICAL-TDEM SOUNDING PAIRS

The excellent fitting shown above is obtained for almost all of the inversions carried
out, except for the electrical-TDEM pair of soundings el15 and td08 which are
located near drilling IC1 (Figure 3). This drilling indicates that the substratum
basis is located at about 16 m depth. Thus, we fixed the depth to 15 m in the
a priori model and allowed a variation of 20%, which enables us to include all
the geotechnically possible solutions. Figure 7 summarises in log-form the results
of the five electrical-TDEM sounding pairs, and Table I the characteristics of the
internal structure of the earthflow. It also indicates the most probable depths of the
substratum determined from three drillings. Several remarks can be made:

(a) With the joint inversion technique, the substratum depth can be accurately
estimated without supplyinga priori information. This is not possible with the
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TABLE I

Characteristics of the joint inversion six layer model

Layer Thickness range Resistivity range Anisotropic factor Comments

(m) (� m) range

1 3–6.6 19–50 0.6–1.7 Active unit

2 0.7–0.9 2–3 0.35–1 Wet transition layer

3 0.7–0.9 31–35 0.9–1 Top of the inactive unit

4 4–8 150–290 0.35–1.33 Inactive unit

5 0.7–1.4 37–80 0.7–1 Transition between inactive

unit and substratum

6 / 400–570 0.1 Substratum

separate inversions of the soundings. The measured depths of the substratum are
consistent with the estimated range of values. The observed differences between
the two methods never exceed 3 m and could be explained as follows. The sub-
stratum was defined in the geotechnical investigation as the medium where the rate
of penetration of the stem train was smaller than about 10 m/h. This value is based
on experiments and literature, but may be questionable (Genet and Malet, 1997;
Flageollet et al., 1996).

Taking into account the uncertainty of the substratum depth estimation for both
methods (geophysical and geotechnical) and the difference in the physical prop-
erties of the parameters characterising the soil (electrical resistivity on one hand,
compactness on the other hand), small discrepancies are not surprising.

(b) a “6 layer” model appears appropriate for all soundings, except for the
second (el13 and td06) and the fifth one (el19 and td11 in Figure 7) which require
a very thin additional superficial layer with low resistivities of approximately 9
�m. The presence of this layer can be explained by the large surface heterogeneity
which strongly influences the resistivity of the first decimetres of the soil.

This six layer geophysical model needs to be analysed and compared with the
three layer geotechnical model: this consists of an earthflow, including an act-
ive unit superposed to an “inactive unit”, which covers the impermeable marly
substratum. The various anisotropic factor values of the different layers can be a
consequence of the effect of soil compactness on the electrical conductivity.

The integrated geophysical and geotechnical interpretation of the six layer
model is as follows:

– the first layer could correspond to the active unit (very active and wet viscous
mud formation): the resistivities of this layer are comprised between 19 and 50
�m, increasing with thickness. As expected, the thickness increases from 3 to
6.6 m, from the east to the centre of the earthflow. The anisotropic factor range
is from 0.9 to 1.7;
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– the thin second layer (0.7–0.9 m), with very low and constant resistivities (2–3
� m) and with anisotropic factors between 0.35 and 1, could correspond to a
very wet transition layer. Even if geotechnical results do not show the presence
of this layer, at this depth they show a limit between two physically different
masses. The limit could be marked by a transition zone that geophysically
appears as a distinct layer. Since the inactive unit underlies this layer, the ob-
served very low resistivities could be connected to a high water content, and/or
to an accumulation of clays and/or metal minerals. Since the last possibility
can be excluded on the basis of the results of IP measurements carried out
on soil samples, thus, the most likely explanation is a high water content.
This assumption is supported by the fact that very low values of resistivities
(3–5� m) are measured in presence of water both in the gullies and in the
piezometric tubes;

– the third thin layer (0.7–0.9 m thickness) with resistivities ranging between
31 and 35� m could correspond to the top of the inactive unit, whose first
decimetres are compacted. This phenomenon can sometimes be observed on
slip surfaces (in our case, the occurrence of this layer could be due to the faster
flow of the overlying layer). The average anisotropic factor is about 0.9-1, even
if the value for the electrical-TDEM 15-08 sounding pair is equal to 4.

– the fourth layer corresponds well to the inactive unit geotechnically described
by Flageollet et al. (2000). This lower unit is a stiff compact and stable forma-
tion (impervious material and dry conditions). Its thickness varies from 4 m
(to the west) to 8 m (to the east). Its resistance defined geotechnically (resist-
ance of the rod > 10 Mpa), is on average higher than that of the other layers
(< 10 Mpa), although the layer reveals variations in compactness. The resistiv-
ities range between 150 and 290� m, except for the el11-td05 sounding pair
whose resistivity of 75�m indicates a lower compactness towards the eastern
boundary of the earthflow. The anisotropic factor varies between 0.35 and 1.33.
The variations could also be the consequence of the effect of soil compactness
on the electrical conductivity.

– the fifth layer is thin (0.7–1.4 m) and its resistivity ranges from 37 to 80� m
while the anisotropic factor ranges from 0.7 to 1. This layer could correspond
to a transition layer between the inactive body and the in-situ marls. Indeed, its
resistivities are lower than those of the substratum, indicating a lower original
compactness. This layer could correspond to the stony surface which covered
the gullies before the earthflow occurred. This phenomenon can be observed
in the gullies of the present-day torrential basin. As an alternative, this layer
could also correspond to an in-situ black marls alteration zone.

– the substratum (sixth layer of the model) has resistivities ranging from 400
to 570� m and an anisotropic factor of 0.1. Measuring the resistivity of a
formation, the result depends on many factors including the applied measuring
method. Therefore, electrical and TDEM resistivities can show discrepancies.
Moreover, considering the limited extension of the electrical array in this study,
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the substratum characteristics can not be reliably assessed using electrical
method. Thus, the TDEM appears to be a more suitable method for the de-
tection of the substratum, even though this method does not well define its
resistivity. This problem is overcome by applying the joint inversion of both
methods. This once again shows the advantage of the joint inversion, which
proved to be an excellent tool to study soil stratification on such heterogeneous
materials.

6. Conclusions

Through the study of five sounding pairs, this paper highlights the considerable
advantage of the joint inversion of electrical and TDEM data compared to the sep-
arate inversions. The dissociated inversions carried out in a deterministic scheme
do not provide an accurate image of the structure. A priori information plays a
crucial role in constraining the models due to non-unique solutions in electrical and
TDEM data interpretation. Their joint inversion provides a more detailed and well-
constrained solution, benefiting from the differences in sensitivity of each method.
Despite the unfavourable context (rough topography, large lateral heterogeneities),
joint 1D inversion seems to be a suitable technique to study the 3-D structure of a
site. The six (or seven) layer model obtained from the joint inversion is satisfactory
because it is consistent with the available geological and geotechnical information.
Furthermore it is possible to detect the geotechnical limits such as the substratum
and the transition zone between the active and the inactive body.

However, a good fitting model could only be obtained by allowing for variation
in anisotropy. The resulting range in the values of the anisotropic factors is from
0.1 to 1.7 for the all considered layers (except for one layer of one sounding)
of the various inversions. The question arises about the physical meaning of this
variability. Possibly, the variation in anisotropy reflects compactness variations due
to the earthflow dynamics and evolution.
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