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Abstract As part of a larger regional research program

‘‘KarstEAU’’, the authors have applied electrical resistivity

tomography (ERT) techniques to characterize heterogene-

ities in the Port-Miou coastal karst aquifer (Cassis, SE

France). Field surveys were carried out on intensely frac-

tured and karstified Urgonian carbonates. Extensive

research has characterized macro- and micro-scale geology

of the Port-Miou area and particularly underground water-

filled conduits and fault/fracture and karst systems within a

former quarry. The authors applied 2D ERT along two

surface profiles of length 420 and 595 m to test capability

for delineating subsurface conduits and possibly relation-

ship between conduit and fault/fracture/karst orientation;

and 3D ERT with a dense 120 electrode array at 1 m

spacing (11 9 10 m) was applied over an area of the

quarry that had been profiled using 3D georadar and which

has had intensive nearby structural geological interpreta-

tion. The 2D profiling imaged several underground con-

duits at depths to [50 m below ground surface and below

sea level, including possibly the main Port Miou submarine

spring and smaller springs. The 2D profiling within the

quarry provided a better understanding of the connectivity

between major fractures and faults on the quarry walls and

secondary springs along the coast supporting flow of the

secondary springs along interpreted fracture orientations.

In addition, 2D inversion-derived conductivity models

indicate that high resistivity zones above sea-level are

associated with non-saturated zones and low resistivity

anomalies in the non-saturated zone are associated with

residual clays in paleokarsts. A partitioned lower resistivity

zone below sea-level can be associated with a higher

porosity/permeability zone with fractures and karstic fea-

tures. Inversion models of the dense 3D ERT data indicate

a higher resistivity volume within the larger surveyed

block. The survey characterized the non-saturated zone and

the ERT resistivities are correlated with karst features

interpreted by 3D georadar and visible in the inferior wall

of the quarry.

Keywords Underground karst network � Electrical

resistivity tomography � Port Miou submarine spring

(Cassis, SE France)

Introduction

Coastal freshwater aquifers are strategic resources that

provide drinking water for approximately 70 % of the
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world’s population (Darnault and Godinez 2008), and karst

aquifers provide freshwater to approximately 25 % of the

world population (Ford and Williams 2007). The sensitiv-

ity of these aquifers to human activity such as over-

extraction of groundwater increases the risk of seawater

intrusion. The resulting critical management of this

resource relies on a comprehensive knowledge and realistic

conceptual model of this system. In sedimentary granular

reservoirs, dominated by relatively homogeneous matrix

porosity, the physics of seawater intrusion is well under-

stood and fresh-saline interface can be interpolated from a

reduced number of well monitoring and modeled on the

basis of the Ghyben-Herzberg relationship. In karstic

fractured-porous reservoirs, seawater intrusion is controlled

by the complex architecture of the porosity network,

mainly the spatial relationship between the karstic conduits

and the hosting carbonate rock that can be fractured, por-

ous or completely tight. In such cases, near surface water

sampling might not be always representative of the overall

aquifer, whereas hydrodynamics and numerical modeling

are more complex. Near surface imaging of heterogeneous

karstic reservoirs and fluids can significantly improve the

understanding and models of the reservoir architecture and

the fluid dynamics. Early geophysical investigations of the

Port-Miou conduit (Fig. 1) were carried out in 1964

(Cornet et al. 1964) for hydraulic research by means of

grounding, electromagnetic methods or resistivity. Elec-

tromagnetic method was the only one recording a signal

above the intersecting shaft that had been placed 700 m

from the outlet. Today, developments in inversion model-

ing of ERT data provide a valuable tool for delineating

geological structures in surface and underground environ-

ments (Eso et al. 2006). In the present study electrical

resistivity imaging techniques have been applied to char-

acterize the coastal karst aquifer in the area of the Port

Miou submarine spring (Cassis, SE France) as a contribu-

tion to a larger regional research program ‘‘KarstEAU’’.

Geological characteristics of the carbonate aquifer

The study area is part of the coast of Provence (SE France,

Fig. 1) along the Mediterranean Sea. It belongs to the

western part of the tectono-stratigraphic Beausset unit

Fig. 1 Location of the study

area. The 2D and 3D ERT

surveys are shown in red. The

blue arrow locates the explored

karstic conduit. The blue circles

indicate coastal springs.

Geological sections AB and CD

are reported on the map
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(Philip 1972; Floquet and Hennuy 2003). The Beausset unit

is a 650 km2 area syncline composed of sedimentary ter-

rains from Lower Jurassic to Upper Cretaceous. In the

Western part of this unit, the Port-Miou spring is the outlet

of a pluri-kilometric karst system that is developed in the

400-m thick fractured-porous and karstified Urgonian

limestone of the French Mediterranean coastline (Martel

1907). The coastal spring is subjected to salt water con-

tamination. The main karstic conduit extends approxi-

mately horizontally over 2,000 m with an average diameter

of 20 m. The Port-Miou site is of particular interest as a

dam was built in the 1970s across the conduit, 500 m

upstream from the coast, and 50 m below ground surface

(Potie and Ricour 1974). Access to the karst is possible by

a vertical shaft that was built to connect to the dam.

Electrical properties of the brackish water of the spring are

of 4,000–24,000 lS/cm (Tassy et al. 2010), which is

equivalent to a resistivity of 2.4–0.4 X-m (reciprocal of

conductivity). Minor springs with similar physical and

chemical properties as Port-Miou spring are active on the

nearby coastline along a NE–SW direction (Fig. 1).

The Solvay quarry, in the Port-Miou area, exhibits

abundant fractures and karstic carbonates and has been the

subject of numerous sedimentology and structural studies

(Masse et al. 2003; Jayet 2009; Lamarche et al. 2010;

Pomar 2010). This outcrop consists of two quarry levels

oriented NE-SW (Figs. 1 and 2). The Urgonian carbonates

are divided into five major stratigraphic units, based on

facies associations and bedding characteristics (Masse et al.

2003), and are characterized by minus-fracture matrix

porosity sensu stricto\1.8 % (Pomar 2010). The quarry is

located between structural ramps in a flat area with minor

folds (Lamarche et al. 2010). The carbonate strata, inside

and around the quarry, have experienced mostly small-

scale brittle deformations. Outcrop observations indicate

the frequent occurrences of fractures and faults at different

scales: from bedding scale (strata-bound fractures) to the

entire outcrop scale (fault). Most fractures are solution-

enhanced, and are associated to karstic features (Fig. 3).

Different sizes and shapes of these karstic features are

visible along the quarry walls and a typology of this karst is

proposed by Pomar (2010). Five shapes with different sizes

Fig. 2 Geological sections of the experimental site. Section AB is

NW-SE and crosses the karstic conduit and Profiles 1 and 2. A

probable karstic collapse with marly limestone fillings is located

above the conduit. Section CD is SW-NE and represents the upper

wall of the Solvay quarry, showing dense fracturation and karstifi-

cation in the urgonian limestones
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are described on the quarry walls: lenticular-shape, round,

triangle-shape, horizontal, and large karst with speleo-

thems. In the area, karsts develop in relatively homogenous

tight limestone of the Urgonian platform (Masse et al.

2003); however, the karstic space can be empty, filled with

terra-rossa or transported albian marls. Large-scale geo-

logical sections across the experimental site were inter-

preted and show the carbonate rock heterogeneities at

different scales (Fig. 2). Section AB is NW–SE from La

Fontasse area to the sea and cuts through the Port-Miou

karstic conduit, the ERT profile 1 in Port-Pin trail and 2 in

Solvay quarry, the sea in the Calanque, and the open sea.

The main part of the outcrop is formed by Urgonian

limestone strata gently dipping to the SE. In the La Fon-

tasse area, two decametric heterogeneities are visible: (1)

the Port-Miou karstic conduit, which can be assimilated to

a 20 m diameter water-filled cylinder surrounded by car-

bonates; and (2) a marly limestone infilling a probable

karstic collapse, located above the conduit. Section CD is a

SW–NE representation of the upper quarry wall. Larger-

scale heterogeneities are visible, with metric to decametric

fractures and karst features and no spatial correlation.

Materials and methods

Because of its sensitivity to water and clay contents (Revil

et al. 2002), ERT is currently considered as an efficient

tool for revealing fractures and karstified zones charac-

terized by low electrical resistivity values. ERT was

applied to characterize heterogeneities in the Port-Miou

coastal karst aquifer above the Port Miou main conduit

and in the Solvay Quarry. In particular, ERT was used in

anticipation of imaging the main karstic conduits and

secondary springs within the aquifer, and the saltwater-

freshwater interface geometry. In addition, high density

3D ERT imaging was applied in a volume over an area of

the quarry that had been profiled using 3D georadar and in

proximity to the area of intensive structural geological

interpretation noted above.

Fig. 3 Geological context of the Port-Miou Calanque. The carbonate strata have recorded brittle deformations. Outcrop observations indicate the

frequent occurrences of fractures, faults and karstic features at different scales: from bedding scale to the entire outcrop scale
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Two 2D survey lines were profiled using Wenner-Sch-

lumberger and dipole-dipole arrays. The dipole-dipole data

were noisy and only the Wenner-Schlumberger data were

used in the study. Profile 1 was acquired along the Port-Pin

trail with 120 electrodes placed at 3.5 m spacing for a total

length of 416.5 m. The profiled section of the trail passed

within approximately 8 m of the shaft head over the karstic

conduit. This line had gentle topography and followed the

relatively gentle road meanders as electrode placement was

relatively simple within the road footprint (Figs. 1 and 2).

Profile 2 was located in the Solvay Quarry with 120 elec-

trodes placed at 5 m spacing for a total length of 595 m.

The line extended from a high point to the south down a

gentle ramp and onto the relatively flat quarry floor, which

consisted of limestone bedrock partly covered with gravels

from the quarry exploitation. The quarry profile is situated

between the main conduit and many secondary springs

along the coastline (Figs. 1 and 2).

The electrodes were placed either by hammering into the

loose soil or by drilling into the soft rock where necessary.

Ocean water was used to enhance electrode contact resis-

tances all of which were measured to be of similar order

between several hundred X-m to several thousand X-m.

A dense 3D ERT survey was acquired in the Solvay

quarry by placing 120 electrodes at 1-m spacing in a grid of

11 9 9 m (12 9 10 electrodes) (Fig. 1). Dipole-dipole and

pole-pole data were collected. The results of both data-

types were similar and the results reported here used the

pole-pole data because of its deeper penetration. A 3D

georadar survey had previously targetted a larger volume,

which included the ERT footprint for the purpose of

imaging fractures and karst (Pomar 2010). The 120 elec-

trodes were placed by drilling 4-cm deep holes and the

placements were again watered lightly with ocean water to

reduce contact resistance.

An IRIS120 Syscal system was used to collect the 2D

and 3D data. The data were of good quality and were

modeled using Loke’s RES2DINV and RES3DINV com-

mercially available software. The models are provided as

color-contoured representations of subsurface resistivity

variations. For 2D profiles, low resistivity/high conduc-

tivity zones are represented by blue-green and high resis-

tivity/low conductivity zones by purple-red. Yellow-brown

colors are transitional. The highly resistive subsurface in

the 3D model has resistive material shown in red with

highly resistive material shown in purple-white.

Fig. 4 N-S interpreted ERT profile along Port-Pin trail. Sea level is projected on the profiles
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The interpretation of the ERT presented here is semi-

quantitative and not calibrated with lab measurements of

the different materials. The overall resistivity variations

were highlighted and related to observations of the differ-

ent materials and structural geology. The material resis-

tivity values vary based on a combination of parameters:

the mineralogy of the rock (limestone or claystone), the

type of porosity network (karst, fractures, mixed karst and

fractures and tight non-fractured rock), and the nature of

porosity filling (air, freshwater, saltwater, claystone). With

the 3.5 and 5-m electrode spacings, modeled cell sizes are

in the same order so that typically small-scale heteroge-

neities, such as small air-filled fractures, are averaged with

the surrounding rock. However, in situations where high

resistivity contrasts are present, such as highly conductive

saline water or clays within relatively resistive rock, the

area/volume of the feature typically will appear larger in

the colour-contoured model presentation.

Results

For the two 2D profiles, inversion-derived conductivity

models of the data indicate resistivity variations from

10–104 X m (Figs. 4 and 5). A higher resistivity zone

above sea-level can be associated with a non-saturated

zone, whereas a distinct isolated lower resistivity zone

under sea-level can be associated with a higher porosity/

permeability zone with fractures and karstic features in the

saturated zone.

The Port-Pin 2D line extends over 400 m and images the

rock to 80 m depth (Fig. 4). Electrode spacing was 3.5 m.

Three significant low resistivity/high conductivity anoma-

lies are present. The shallow conductive zone to the North

between approximately 0–70 m along profile was inter-

preted as being related to a freshwater seep area in La

Fontasse shales, which are a mixture of Albian, Cenomanian

and Turonian filling of a karstic collapse (Daouddi 2009).

Fig. 5 NE-SW interpreted ERT profile in Solvay Quarry. Sea level is projected on the profiles
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There are two shallow low resistivity features to the south.

The feature, centered at approximately 364 m, is located

under a karstic collapse, clearly visible on the outcrop

above the profile as highlighted in Fig. 4. Observations in

the whole study area show that paleokarsts are often filled

with terra-rossa, transported albian marls, or are unfilled.

The low resistivity values measured (under 50 X m)

combined with the observed karstic collapse just above,

can be interpreted as clay-filled paleokarst. The final low

resistivity feature is at the middle of the line and indicates

as a low resistivity zone (100–1,500 X m) which enlarges

downwards. This feature is in the area of the shaft that was

built to access the Port-Miou artificial gallery entrance.

Although metal associated with the shaft may cause some

interference, the size and depth of the conductive anomaly

and the results for the Solvay quarry line suggest that the

feature can be interpreted as a highly fractured and kars-

tified saturated zone situated near the main karstic conduit

and possibly detecting this conduit.

The highly resistive zones that are present correspond to

dry, shallow soil and the resistive host rock.

The Solvay quarry 2D line extends over 600 m in length

and images the rock to approximately a 100-m depth (Fig. 5).

Electrode spacing was 5 m. Results show a relatively flat

resistivity contrast from high resistivity above sea level to

very low resistivity below sea-level sea level that could be

related to the salt-water wedge. Piezometric level given by

the flat contrast on the profile shows in fact a 20 m variation

in height from NE to SW. There are two deep conductive

features below sea level. These features are slightly different

in that the northern one is wider and more conductive sug-

gesting that it is either shallower or larger. The southern

feature may be at the limit of the depth detection of the ERI

profile. These features were interpreted as underground streams

within karstic channels or fractures that are consistent with

secondary springs observed on the field (Figs. 1 and 7). A

fracture study in the quarry shows that the streams are con-

nected to N–S faults (Jayet 2009; Lamarche et al. 2010;

Pomar 2010). The ERI profile also reveals that the upper

zone is non-saturated and that karstic voids and open frac-

tures observed on the quarry walls are air saturated.

The 3D ERI was completed within this probable air-sat-

urated zone in the northern part of the quarry. The modeled

results of the 11 9 9 m surface grid were represented within

Fig. 6 a Point set of 3D resistivity values measured on the Solvay

quarry. b 3D modeling of ERT cube in the Solvay quarry. Dimensions

of the ERT cube are 30 9 30 9 15 m (xyz) with the surveyed area

11 9 9 m

Fig. 7 Location of ERT profiles, karstic conduit, fractures in the

quarry and coastal springs. Major fractures and secondary springs are

associated with electrical resistivity anomalies in the surveyed area

along the coast of Port-Miou
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the larger modeled resistivity cube (30 9 30 9 15 m) as

illustrated in Fig. 6a, b. The electrode spacing was 1 m. Very

high resistivity values are measured, from 103–104 X m

corresponding to the top of the non-saturated zone on the

quarry 2D profile. These overall high resistivity values cor-

respond to the expected range of carbonate resistivity and the

modeled results imaged significant contrasts within the rock.

A small zone of relatively lower resistivity is imaged on top

of the southwestern corner of the cube (red zone as marked in

Fig. 6b). Under this zone, a mushroom-like anomaly of very

high resistivity extends to the limit of penetration. GPR

interpretation (Pomar 2010) shows a concentration of large

fractures and karstic features at this location. According to

the spatial correlation between the GPR and the ERT results,

this mushroom-like anomaly is interpreted as decametric air-

saturated karstic void. Such karstic voids occur in the quarry;

for example, one in the lower wall was used as a natural

conduit for transporting ballast to the lower level at the time

of the quarry exploitation. In addition, one important result is

the spatial connection between major fractures in the quarry

(Pomar 2010), resistivity anomalies on profile 2, and minor

submarine springs along the coastline (Fig. 7). Spring water

is sourced from the main karstic conduit situated upstream

and is deviated by an open fracture and karst network before

the main outlet.

Conclusion

The integration of geophysics and outcrop geology is

useful to characterize underground heterogeneities in

complex karstic systems. This ERT survey images the

large-scale and spatially correlated resistivity contrasts and

heterogeneities, which can be interpreted in terms of fluid

and reservoir. The 2D lines imaged a piezometric level,

near sea level, within fractured carbonate based on the

higher conductivity of saline water compared to air and

limestone. Individual karst and fracture corridors, filled

with air, clay or water, have been detected and compared to

analogue objects on the outcrop. The higher conductive

anomalies imaged in the 2D profiles have revealed the

presence of fracture corridors linking the Port Miou con-

duit and the secondary coastal springs. In the relatively

resistive formation within the quarry, 3D ERT delineated

resistivity contrasts as represented by the mushroom-like

resistive anomaly interpreted as an air-filled cavity above

the water table.

ERT surveys can be used to map the underground karst

network from the surface. The authors anticipate that in

future multiple 2D profiles and larger volume 3D surveys

will be used to expand the understanding of the karst net-

work. Further work also will integrate nearby offshore high

resolution seismic and possible calibration wells.
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