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Abstract A methodological approach is described which
combines geophysical and geochemical data to delineate
the extent of a chlorinated ethenes plume in northern
France; the methodology was used to calibrate a
hydrogeological model of the contaminants’ migration
and degradation. The existence of strong reducing
conditions in some parts of the aquifer is first determined
by measuring in situ the redox potential and dissolved
oxygen, dissolved ferrous iron and chloride concentra-
tions. Electrical resistivity imaging and electromagnetic
mapping, using the Slingram method, are then used to
determine the shape of the pollutant plume. A decreasing
empirical exponential relation between measured chloride
concentrations in the water and aquifer electrical resistivity is
observed; the resistivity formation factor calculated at a few
points also shows a major contribution of chloride concen-
tration in the resistivity of the saturated porous medium.
MODFLOW software and MT3D99 first-order parent–
daughter chain reaction and the RT3D aerobic–anaerobic
model for tetrachloroethene (PCE)/trichloroethene (TCE)
dechlorination are finally used for a first attempt at modeling
the degradation of the chlorinated ethenes. After calibration,
the distribution of the chlorinated ethenes and their
degradation products simulated with the model approxi-
mately reflects the mean measured values in the observation
wells, confirming the data-derived image of the plume.
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Introduction

Chlorinated ethenes belong to the DNAPL (dense non
aqueous phase liquid) family. They are widespread
subsurface contaminants and represent long-term threats
to aquifers. Modeling their transport and fate is essential;
however, building and calibrating the model requires a
precise knowledge of the injection source location and
strength, the pollutant plume shape, the concentration of
degradation products and many hydrogeological parame-
ters. Such complete information is rarely available, so the
objective of this article is to show that the simultaneous
use of geophysical data (to map a chlorinated ethenes
pollutant plume) and in situ geochemical measurements
(to map the location of strong reducing conditions) allows
one to calibrate a hydrogeological model and to
reproduce the observed behavior of these pollutants
in a real alluvial aquifer.

Under strong reducing conditions, reductive dechlori-
nation of chlorinated ethenes can occur, and it can be
represented by using the first-order parent–daughter chain
reaction capability of MT3D99 (Zheng 1999) or a RT3D
aerobic/anaerobic model for tetrachloroethene (PCE)/
trichloroethene (TCE) dechlorination (Clement 1997). If
strong reducing conditions coincide with the pollutant
plume as delineated by geophysical methods, the range of
unknown hydrogeological parameters and pollutant prop-
erties, in MT3D99 and RT3D, can be restrained. Conse-
quently, models including these data would be more
constrained and thus more accurate.

Redox potential (Eh) measurements are widely used to
evaluate oxidation–reduction conditions (Christensen et al.
2000) even if a unique value of this parameter does not exist
in natural water (Chapelle et al. 1996). It is well accepted that
the lower this potential, the more chlorinated ethenes can
undergo reductive dechlorination. Wiedemeier et al. (1999)
give the optimal range as between –120 and –320 mV. It is
also well known that reductive dechlorination occurs only in
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anaerobic media; that means, with a dissolved oxygen
concentration below 0.5 mg/L (Wiedemeier et al. 1999).
The quantity of reduced ferrous iron in the groundwater can
also be an indicator of on-going redox processes
(Christensen et al. 2000) and a high chloride concentration
in comparison with the background concentration on a site
polluted by chlorinated hydrocarbons can mean on-going
dechlorination of these elements (Wiedemeier et al. 1999).
Furthermore, applied geophysicists agree that chlorinated
ethenes undergoing degradation generate conductivity
values in the ground higher than the background conductiv-
ity (Atekwana et al. 2000; Sauck et al. 1998).

In the following, it will be seen that strong reducing
conditions (highly negative values of the oxidation–reduc-
tion potential) are found at the study site at the same
locations as high chloride concentrations, high ferrous iron
concentrations and anaerobic conditions. Since the same
locations also coincide with that of the pollutant plume
observable by electrical resistivity imaging and electromag-
netic mapping, it can be concluded that reductive dechlori-
nation is occurring and can be modeled by a parent–daughter
degradation model. The calibration of the model parameters
will be discussed. The linkage between the hydrogeological
model output (chloride concentration produced by chlori-
nated ethenes biodegradation) and the geophysical results
will be established. Although important, the dense part of the
pollutant plume migration and the source zone formation
will not be studied here. Only the dissolved phase of the
pollutant plume and its transport will be considered.

Materials and methods

The study site
The study was made in France, in the Oise administrative
region, 60 km north of Paris, precisely between the towns of

Néry and Saintines. The site (designated in the following as
Néry-Saintines) is located in the upstream part of the
Automne River, a tributary to the Oise River (Fig. 1).

At this site, a former limestone quarry was worked
until 1949 and bought by an industrialist in 1963, whose
declared aim was to treat industrial wastes at the site
(storage of acetylene, methyl bromide and propane) but
also to use it for biochemical dephenoling treatment of
wastewater. However, the reality was totally different: the
quarry was used from 1963 to 1973 as an illicit liquid
waste disposal site with direct dumping of liquids into the
quarry. The exact nature of the disposed waste is not
known for certain, but chlorinated ethenes and inflamma-
ble products were found (de Marsily et al. 1999).
Historical knowledge of the site suggests that over 5,000
metric tons of pollutants were probably directly injected
into the south-western part of the quarry. The owner also
used acids to facilitate the infiltration of the liquid wastes
into the limestone. The first signs of groundwater
pollution were visible downstream in 1981–1982 in the
alluvial plain, about 20 years after the start of the illicit
disposal, but surprisingly no pollutants were ever detected
in the Automne River draining the alluvia. A recent rate of
release of these pollutants into the aquifer by dissolution
has been estimated at about 10 metric tons/yr across the
system (de Marsily et al. 1999), based on measured
concentrations and groundwater velocity estimates.

The study area consists of a plateau with the quarry and
an alluvial valley in which the Automne River flows. The
quarry, in the south-west of Fig. 1, presents Lutetian
limestone (middle-Eocene) overlying Cuisian sands (mid-
dle-Eocene) and Sparnacian clay (lower Eocene-
Ypresian), which will be considered as the bedrock, and
finally, Thanetian sands and Senonian chalk which are
below this bedrock. In the north-east, in the Automne
valley, peat and sandy-alluvia cover the Cuisian sands.

Fig. 1 Map of the Néry-Saintines site, showing the quarry, the Automne River, and measurement locations. Note the locations of boreholes
F5, F8 and Pz1L, for which hydrogeological modeling calibration results are shown
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Geotechnical reconnaissance shows that the alluvial
valley, in its first 4 m, is formed by a seemingly random
distribution of sands, peat, gravel and silt (Fig. 2), forming
a rather heterogeneous system.

The groundwater flows from south-west to north-
east and Table 1 shows physical parameters of
aquifers/layers deduced from pumping tests, geological
studies and previous hydrodynamic modeling calibra-
tion (de Marsily et al. 1999).In some places, in the
alluvial valley, the water table reaches the soil surface.
To facilitate engineering works (e.g. drainage of the
aquifer), a 50-cm-thick stabilization platform, made of
Cuisian sands extracted in the area, was laid on top of
the alluvial material. A path made of sandy alluvia
was also set up to give remediation vehicles access to
the site (Fig. 1).

Geochemistry
Geochemical parameters were measured either directly
in 14 existing boreholes with usual PET (polyethylene
terephthalate) casings, or in 16 metallic tube-wells
hand-hammered into the ground (Fig. 1). The tube-
wells were made of galvanized steel, had an inner
diameter of 1.5 cm and were 3 m long. They were
hammered as deep as 2 m into the alluvial zone, and,
as 15 min is all it takes to hammer one of them in
place, they constitute a very cheap and easy way of
accessing the shallow aquifer, in this soft sandy and
peaty terrain. Boreholes with a diameter of 8 cm were
perforated in the Cuisian sands, the sandy-alluvia and
the peat layers.

The oxidation–reduction potential parameter was mea-
sured with platinum electrodes: SenSolyt PtA for the
boreholes and SenTix ORP for the tube-wells. The
procedure for the latter was to pump the water from the
tube-wells into an Erlenmeyer flask and to measure the
redox potential while avoiding contact between the water
and the atmosphere which might distort the measurements
(e.g. Christensen et al. 2000).

Dissolved oxygen was directly measured in the
galvanized tube-wells with ANALYSEUR PH/MV/°C/
MS/SAL/O2 by Fisher Bioblock-Paris. Several mea-
surements were made at different depths thanks to the
Pt1000 electrode having a 1.2-cm diameter, small
enough to be used in the tube wells. Due to excessive
contact with atmospheric oxygen, dissolved oxygen
measurements within the boreholes (8 cm in diameter)
are regarded as invalid.

Chloride concentrations were measured by sampling
the polluted water from the alluvial aquifer and
analyzing it by ion chromatography (DIONEX) in the
laboratory after filtration. This anion can be an
indicator of chlorinated ethene degradation, as shown
in Fig. 3. As boreholes are perforated simultaneously
in the Cuisian, the sandy-alluvia and the peat aquifers,
no depth information is provided but results will be
presented as isovalues to show the chloride horizontal
spatial distribution.

Dissolved ferrous iron was measured in water samples,
collected from the piezometers or tube-wells, by spec-
trometry with phenantroline 1-10, based on the NF-T-90-
017 standard. Before measurement, all samples were
acidified to avoid oxidation of the ferrous iron. For each
sample, absorbance was measured at the 510 nm

Fig. 2 Schematic cross-section of the study site
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wavelength. A regression line was built with standard
mixtures with a known concentration of dissolved ferrous
iron for inference of the sample concentrations.

Geophysics

Electrical resistivity imaging
The electrical direct current method is widely used in
pollutant studies in the literature (Aristodemou and
Thomas-Betts 2000; Frohlich et al. 1996; Grellier et al.
2008; Guérin et al. 2004; Orlando and Marchesi 2001). It
uses a quadrupole (two current electrodes and two
potential electrodes) and involves measuring the potential
difference ΔV (volts, V) created by the passage of a direct
current I (amps, A). The apparent electrical resistivity ρa
(which corresponds to the electrical resistivity of a
homogeneous equivalent medium) is calculated by:

ρa ¼ K
ΔV

I
Ω:mð Þ

where K is a geometric factor depending on the
electrode configuration.

The performance of electrode configurations has been
evaluated e.g. by Dahlin and Zhou (2004). Measurements
using the electrical resistivity imaging (ERI) technique
were carried out; this involves installing a series of
electrodes aligned on the ground and then using them
four by four to make measurements on a considered
quadrupole (Table 2). The measurements (apparent resis-
tivities) were inverted to obtain cross-sections of the
interpreted resistivity of the ground. The inversion
software is Res2DInv using the L2-norm (Loke 1996;
Loke and Barker 1996; Loke and Dahlin 2002). ERI
results are presented as blocks of resistivities. The arrays

which have been used were dipole-dipole (DD) and
gradient (G) and the data were jointly inverted. The
objective was to combine the advantages of these two
arrays—best image resolution for both, depth resolution
for G, resolution of complex structure for DD (e.g. Dahlin
and Zhou 2004). For this study, two main ERI cross-
sections (Fig. 1) were made with the characteristics given
in Table 2.

Frequency domain electromagnetic with EM31
The electromagnetic Slingram method in the vertical
dipole mode uses a transmitter coil which generates a
primary magnetic field, which induces eddy currents in the
conductive body underground and creates a secondary
magnetic field. Then the receiver coil measures the ratio
between the quadrature secondary field and the primary
field which is proportional to the electrical conductivity
(mS/m), inverse of the electrical resistivity (Ω.m) of the
soil in the case of a homogeneous medium (Frischknecht
et al. 1991; McNeill 1980). The EM31 device (Geonics
Ltd.) was used, with a 3.66 m distance between coils and a
frequency of 9.8 kHz. In the case of a heterogeneous
ground, a mean value of the electrical conductivity, called
apparent electrical conductivity, is obtained by the EM31.
The investigation depth is roughly 5.5 m. The information
obtained by EM31 will give a spatial distribution of
electrical resistivity needed for the hydrogeological
modeling. Surveying an area of 30,000 m2 with EM31
can be done in less than 1 day.

Resistivity formation factor
The resistivity formation factor F is defined by Archie
(1942) as:

F ¼ ρ f

ρw

where ρf [Ω.m] is the electrical resistivity of the saturated
porous medium and ρw [Ω.m] the electrical resistivity of
the electrolyte occupying it. It is a dimensionless parameter
always greater than unity which can be used to characterize
the influence of the nature of the electrolyte on the resistivity
of the saturated porous medium without clay. F increases
with the salinity (Ziarani and Aguilera 2012).

Fig. 3 Chloride production by tetrachloroethene (PCE) degrada-
tion to trichloroethene (TCE), dichloroethene (DCE), vinyl chloride
(VC) and ethene (ETH); also called reductive dechlorination (after
Clement 1997)

Table 1 Summary of the geological and hydrogeological data of the Néry-Saintines site

Layer Horizontal (Kh) and/or vertical (Kv)
hydraulic conductivity, transmissivity,
hydraulic gradient

Total thickness Nature

Lutetian limestone T=2.5×10–3 m2/s >20 m
(max. = 40 m)

Limestone

Cuisian sands Kh=4×10
–5 m/s (T=2×10–3 m2/s), Kv=6×10

–5 m/s,
hydraulic gradient 3 %

Mean 50 m
(50–70 m)

Sands

Sparnacian sandy clay Kv=2×10
–9 m/s >20 m Sandy clay

Sandy alluvia 10–4<Kh<5×10
–4 m/s,

hydraulic gradient 0.25 %
∼20 m Peat and alluvia

Peat Kh=10
–10 m/s, Kv=7×10

–7 m/s
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Hydrogeological modeling
For the hydrogeological modeling, the interface PMWin
Pro, i.e. Processing MODFLOW Pro for Windows
(Chiang and Kinzelbach 2001) was used; MODFLOW
2000 (Harbaugh et al. 2000) was used for the groundwater
flow, and MT3D99 (Zheng 1999) and RT3D (Clement
1997) for the transport and parent–daughter chain reac-
tions of the chlorinated ethenes. The reason these two
modeling tools were used, is because the simulation of
chloride production is only available with RT3D, while
the advection scheme used for the hydrogeological
modeling was the ULTIMATE third-order Total Variation
Diminishing option because of its proven stability
(Leonard 1991).

Results

Oxidation–reduction potential
The redox potential measured at Néry-Saintines varies
from –322 mV (at tube-well T17) to +133 mV (at
tube-well T9). The measured redox potentials in all
tube-wells and piezometers are represented by circles
whose size is proportional to the absolute redox value
in Fig. 4. The dark and light circles correspond
respectively to the negative and positive redox values.
The a rea a round T8-T5-T2-Pz1L-Pz1C-T17

corresponds to highly negative redox values (Fig. 4)
where degradation of chlorinated ethenes seems to
occur. The main part of the pollutant plume seems to
follow the axis formed by these points. Indeed, the
groundwater flow follows this direction and elsewhere,
high negative redox potentials are only visible in T1,
Pz4C and PZ4L, i.e. at only a few boreholes in
comparison with the measurements density (Fig. 4). At
these three locations, it is assumed that a small part of
the pollutant plume may be present because of the
high heterogeneity of the aquifer.

Dissolved ferrous iron
Measured dissolved ferrous iron concentrations vary
from 0.022 mg/L (at borehole Pz4C) to 32.265 mg/L
(at borehole Pz14), denoting a high variation of
concentrations. Values are particularly high at bore-
holes Pz1C, Pz14 and Pz13 (Fig. 5, cf. Fig. 1 for the
boreholes location). These points are within the main
part of the pollutant plume defined in the preceding.
Although mineralization of natural organic matter or
degradation of other organic compounds could produce
ferrous iron, because electrochemical measurements in
contaminant plumes are likely to respond primarily to
Fe3+/Fe2+ and because pH values (not shown here)
from the Néry-Saintines site are close to 7, it is

Fig. 4 Positive and negative redox potentials (mV), hydraulic head on 24 July 1996 (masl), and map of apparent electrical conductivity
obtained with EM31 (vertical dipole mode)

Table 2 Characteristics of the ERI cross-sections

Cross-section name No. of
electrodes

Electrode
spacing

Direction of
the cross-section

Resistivity meter
device

Electrode arrays

CS1 96 5 m WNW–ESE Syscal Pro Dipole-dipole and gradient
CS2 72 5 m SSE–NNW Syscal Pro Dipole-dipole and gradient
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concluded that at least iron-reducing conditions exist
(Christensen et al. 2000). Sulfate-reducing or methan-
ogenic conditions may also be present; however,
globally, strongly reducing conditions exist in the
defined main part of the pollutant plume.

Dissolved oxygen
For clarity, results are reported on two cross-sections
(location given in Fig. 1) for different tube-wells and
shown in Fig. 6. Vertical profiles from tube-wells T3–T10
and T8–T17 showed that the dissolved oxygen concen-
tration is low at the surface (less than 0.6 mg/L) and
becomes zero before reaching 2 m depth. This demon-
strates anaerobic conditions at the vicinity of the main part
of the pollutant plume defined previously (Wiedemeier et
al. 1999).

Chloride
For clarity, the spatial distribution of chloride concen-
trations from different boreholes with varying perfora-
tion depths (see section “Geochemistry”) are
represented by the contour lines given in Fig. 5. Points
T8, T5, T2, Pz1L, Pz1C and T17 correspond to a high
concentration (more than 200 mg/L). During biodegra-
dation of chlorinated ethenes, chloride is released into
the groundwater and is generally considered as inert
and conservative. Thus, chloride concentration inside
the contaminant plume is higher than the background
concentration (Wiedemeier et al. 1998). Measurements
of the background chloride concentration were made in
many points of the site, far from the polluted zone,
with values close to 30 mg/L. The geological forma-
tions of this study site are not expected to produce
high quantities of chloride so it can be said that the
major part of the measured chloride concentration has
been provided by chlorinated ethenes degradation.

Electrical resistivity imaging
Cross-sections, represented by blocks of interpreted
resistivities, are given in Figs. 7 and 8 with the same
vertical origin of relative depth (corresponding to a datum
point in the alluvial valley). The inversion was made after
combining the data obtained with DD and G configuration
arrays.

CS1, located in the alluvial valley, presents four
layers (Fig. 7):

1. From 0 to –8 m depth, with a mean resistivity of
30 Ω.m, but with two superficial resistive anomalies
between abscissas 70 and 120 m and between 280
and 400 m. One important conductive anomaly is

Fig. 5 Ferrous iron and chloride concentrations (mg/L) in
groundwater

Fig. 6 Dissolved oxygen concentration (mg/L) in the tube-wells of the alluvial valley. The water table and ground surface are at the same
elevation here
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also visible between abscissas 160 and 300 m, with
a mean resistivity of 10 Ω.m. This layer (noted I in
Fig. 7) is interpreted as sandy alluvia and peat. The
resistive anomalies are interpreted as dry peat and
the conductive one as the pollutant plume.

2. From –8 to –30 m depth, with a mean resistivity of
70 Ω.m, interpreted as the Cuisian sands (noted II in
Fig. 7).

3. From –30 to –65 m depth, with a mean resistivity of
20 Ω.m, interpreted as the Sparnacian sandy clays
(noted III in Fig. 7).

4. Below –65 m depth, with a mean resistivity of 40 Ω.m,
interpreted as the Thanetian sands (noted IV in Fig. 7).

CS2, located on the slope and in the alluvial valley,
presents three layers (Fig. 8):

1. Between abscissas 0 and 190 m and from +35 to +10 m
relative to datum, with a mean resistivity of 150 Ω.m.
This is interpreted as dry Cuisian sands.

2. Between abscissas 60 and 340 m and from 0 to –60 m
depth, with a mean resistivity of 35 Ω.m. This is
interpreted as sandy alluvia and peat.

3. Conductive anomalies between abscissas 130 and
180 m, and also 210–340 m at –10 m depth with a
mean resistivity of 10 Ω.m. This is interpreted as the
pollutant plume, through which polluted water re-
emerges in the alluvial valley.

Borehole F5 (Fig. 1), where pollutant and chemical
measurements indicate degradation of chlorinated ethenes
(de Marsily et al. 1999), is next to the ERI cross-section

CS2 and its position is shown on Fig. 7. These two ERI
cross-sections, associated with EM31 data, presented in
the next paragraph, provide a first estimation of the limits
of the pollutant plume, which is about 140 m wide. The
validity of this interpretation is discussed below (see
section “Discussion”).

Frequency domain electromagnetic with EM31
The apparent conductivity measured on the walking
path (see Fig. 1 or Fig. 4) on the stabilization platform
is the lowest for the alluvial valley, around 20 mS/m
(50 Ω.m). To the left of this path, in the west, there is
a very conductive area with a value of 95 mS/m
(10 Ω.m). This zone, interpreted as a mineralized
accidental spill on the surface, will not be included in
the assumed pollutant plume. As for the stabilization
platform, its south and north-east limits on the map are
more conductive (55 mS/m, or 18 Ω.m) than the rest
of the alluvial valley where a mean value of 30 mS/m
(33 Ω.m) is observed (Fig. 4).

The EM31 investigation depth is roughly 5.5 m but
a conductive body, even located at 9 m depth and
covered by a resistive layer, would contribute signif-
icantly to the apparent conductivity (McNeill 1980).
For this reason, conductive anomalies detected by
EM31 are interpreted as the pollutant plume in spite
of the presence of a puddle of water on the
stabilization platform (Fig. 1). Discussion about pol-
lutant plumes and electrical resistivity is provided in
the following.

Fig. 7 Interpretation of ERI cross-section CS1

Fig. 8 Interpretation of ERI cross-section CS2
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Hydrogeological modeling using PMWin Pro
The area was spatially discretized by squares of
10 m×10 m. Two layers were considered: first the
underlying Cuisian sands and second, the sandy alluvia
and peat (randomly distributed as given by geotechnical

reconnaissance) only in the alluvial valley. With
PMWinPro, the layers are not vertically discretized but
have variable thicknesses.

Under the quarry, the bedrock of the Sparnacian
clay (estimated topography) is represented in the model
by cells with a very low hydraulic conductivity. A
Dirichlet boundary condition was used for the up-
stream side of the model, with a piezometric head
gradually changing from 52 to 55.9 m. For the
downstream side, the Automne River constitutes a
Dirichlet boundary condition with a piezometric head
gradually changing from 44.5 to 38.3 m. The east and
west sides of the model were assumed to have
Neumann’s no-flow conditions. For simplicity, the rain
infiltration and recharge were neglected.

The hydraulic conductivities used are shown in
Table 1. For the alluvial valley, as the Quaternary
sediments are randomly distributed and heterogeneous
in the first 4 m, a mean equivalent value for both the
sandy alluvia and the peat was calibrated: horizontally,
4×10–5 m/s and vertically, 2.3×10–7 m/s. With these
values, a satisfactory fit was obtained with the
measured heads. A mean kinematic porosity value of
15 % was initially considered. The soil bulk density
was taken to be 1,700 kg/m3.

When the piezometric head map with the model
was reproduced, transport and biodegradation were
modeled using MT3D99 and RT3D, with these
parameters and boundary conditions. However, build-
ing and calibrating MT3D99 and RT3D requires
knowledge of the location of the pollutant source
(represented as injection wells), the injected dissolved

Fig. 9 Calibration of the pollutant plume shape with geophysical
and geochemical data; shown here are model delimitation, TCE
plume [mg/L] at 14,610 days after the start of the injection, ERT
cross sections and EM31 data (yellow is more resistive than blue or
green)

Table 3 Final parameters of the model, for MT3D99 and RT3D

PMWin Pro parameter Abbreviation Value

Cuisian sands, horizontal hydraulic conductivity Kh sands 4×10–5 m/s
Cuisian sands, vertical hydraulic conductivity Kv sands 6×10–5 m/s
Mean horizontal hydraulic conductivity in the alluvial valley Kh valley 4×10–5 m/s
Mean vertical hydraulic conductivity in the alluvial valley Kv valley 2.3×10–7 m/s
Kinematic porosity θ 30 %
Bulk density Bd 1,700 kg/m3

Longitudinal dispersivity αL 10 m
Transversal dispersivity αT 5 m
Molecular diffusion coefficient Dm 10–4 m2/day
Discretization – 10 m×10 m
Advection numerical method – 3rd TVD
Pollutant flux – 13.6 metric tons/yr
Well injection number – 3
Injected pollutant PCE PCE
Yield coefficient between TCE and PCE – 0.792
Yield coefficient between DCE and TCE – 0.738
Yield coefficient between CV and DCE – 0.644
PCE distribution coefficient KdPCE 3×10–7 m3/kg
TCE distribution coefficient KdTCE 10–7 m3/kg
cis-DCE distribution coefficient Kdc-DCE 7×10–8 m3/kg
VC distribution coefficient KdVC 4×10–8 m3/kg
First-order degradation rate coefficient for dissolved phase (in anaerobic media for RT3D) λPCE 0.0038/day
First-order degradation rate coefficient for dissolved phase (in anaerobic media for RT3D) λTCE 0.0031/day
First-order degradation rate coefficient for dissolved phase (in anaerobic media for RT3D) λDCE 0.0033/day
First-order degradation rate coefficient for dissolved phase (in anaerobic media for RT3D) λVC 0.0284/day
TVD (total variation diminishing) is the adopted numerical scheme
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Fig. 10 Examples of concentrations computed by MT3D99 and RT3D compared with observed values. a PCE in F5, b TCE in F5, c DCE
in F8, d VC in PZ1L, e Cl– in F5
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pollutant quantity, hydrogeological parameters, and the
concentrations in space of the chlorinated ethenes, and
their degradation products, for calibration.

As seen in the preceding, 5,000 metric tons of
pollutants were probably directly injected as DNAPLs
into the south-western part of the quarry and the
current rate of release of these pollutants into the
aquifer by dissolution of the (unknown) DNAPL
underground ponds was estimated at about 10 metric
tons/yr. The DNAPLs get down deep into the aquifer
and form a source zone which is leached out by the
groundwater. The DNAPL part of the pollutant plume
is not considered in this study.

The calibration was first made with the MT3D99
option: first-order parent–daughter chain reaction
(Zheng 1999). Pollutants were injected into the model
by initially considering a flux of Q×C equal to
10 metric tons/yr with very small fictitious flow rate
Q and high concentration C, so as not to disturb the
groundwater flow. The three injection wells were
located only in the Cuisian sands of the model. After
some initial trials, these well locations seemed ade-
quate because the calculated pollutant plume coincided
with the conductive region determined by geophysics
and the observed strong reducing conditions (Fig. 9).
A more qualitative study of this linkage is discussed in
the following. An equal mass flux rate for all three
injection wells was first considered. As there is a huge
uncertainty about the nature of the injected pollutants,
for simplicity, PCE was assumed to be the main
injected pollutant.

Because of the existence of sands and alluvia,
sorption, with a distribution coefficient (Kd) value
taken from the literature, was also modeled. For the
first-order kinetic degradation and linear sorption
model in MT3D99, a coefficient Kd of 3×10–7 m3/kg
for PCE was considered and similar values were used
for its three daughter products (Table 3), according to
Quiot et al. (2006) for similar types of sediments.
Yield coefficients between chlorinated ethenes are
respectively 0.792 for tetrachloroethene and trichloro-
ethene, 0.738 for trichloroethene and dichloroethene

and 0.644 for dichloroethene and vinyl chloride (e.g.
Chiang and Kinzelbach 2001).

The literature (e.g. Atteia and Guillot 2007; Nex
2004) indicates that TCE reductive dechlorination
produces mainly cis-DCE. This seems, however, not
to be the case in Néry-Saintines because 1,1-DCE
concentration is nearly five times higher than the other
two isomers, trans-DCE and cis-DCE. This may be
explained by the production of 1,1-DCE by abiotic
degradation of 1,1,1-TCA (trichloroethane); but since
PCE was assumed to be the main injected pollutant
and since TCA is not considered, 1,1-DCE data were
used to calibrate the model, as if it was produced by
TCE degradation. This is of course a simplification of
reality, but it allows one to produce 1,1-DCE, which is
observed, and to model its further degradation to VC.
When the measured and computed concentrations of
the degradation products of the chlorinated ethenes in
wells F8, F5 and Pz1L were compared, it was found
that the injected pollutant concentration in wells
situated towards the west were 30 times too high.
Thus, the source term flux at the west injection well
was reduced to 0.1 metric tons/yr. The total flux of the
model is then 6.8 metric tons/yr.

With a model length of 1,000 m in the flow
direction, the chosen initial values of longitudinal and
transversal dispersivities were 100 and 50 m, but the
plume shape tends to develop excessively upstream
from the quarry. Then the dispersivities were reduced
respectively to 10 and 5 m, which gave a more
realistic pollutant plume shape.

With all these parameters, the calculated arrival time
of the pollutants into the valley was about 10 years
after the first disposal, which is too fast, as it was
known that they were first detected in the alluvial
valley about 20 years after the first disposal. Then, the
kinematic porosity of the aquifer was changed from 15
to 30 % to have the correct arrival time, more in line
with the estimated kinematic porosity of the Cuisian
sands. The dispersivity values, the porosity, the
location of injection wells, and the injected fluxes in
the wells were calibrated to fit the pollutant plume

Table 4 Balance of chlorinated ethenes and degradation products given by RT3D. Time 14,610 days

PCE in PCE out TCE in TCE out DCE in DCE out
Wells, metric tons/yr injected 13.6
Constant head –0.003 0 –0.036 0 –0.08405
Biodegradation 0 –12.9 3.5 –3.13 1.73 –1.4295
Dissolved 2.5×10–5 –0.25 7.7×10–5 –0.24 0.00012 –0.1675
Adsorbed 3.3×10–5 –0.41 9.3×10–6 –0.13 1.9×10–6 –0.06476
Sum –13.6 3.5 –3.5 1.73 –1.7381

VC in VC out Ethene in Ethene out Cl in Cl out
Wells, metric tons/yr
Constant head 0 –0.0068 0 –0.011 0 –8.8878
Biodegradation 0.127 –0.105 0.154 –0.12 –8.88 0
Dissolved 1.01×10–5 –0.0121 1.52×10–5 –0.015 0.0048 –1.5846
Adsorbed 1.16×10–7 –0.0027 2.67×10–7 –0.00865 0 0
Sum 0.127 –0.127 0.154 –0.15 –8.87 –10.4692
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shape using MT3D99. Next, RT3D was used to model
aerobic–anaerobic PCE/TCE dechlorination (Clement
1997). Since RT3D also has a linear sorption isotherm,
the results given by the first-order kinetic sorption
model MT3D99 were first checked, and they were
found to be identical. Then the biodegradation param-
eters were recalibrated and the same chlorinated
ethenes distribution as with MT3D99 was obtained;
however, the chloride concentration given by the
model was about half the observed one. Then the
pollutant flux of each injection well was multiplied by
two; the final total flux was thus 13.6 metric tons/yr,
which remains within the order of magnitude of the
estimated flux (de Marsily et al. 1999). The last
calibration step was to select the degradation rate
coefficients of the chlorinated ethenes. The final
parameters of the model are shown in Table 3. The
concentrations of the chlorinated ethenes and their
degradation products computed by the model were
compared with measured values for both MT3D99 and
RT3D in borehole F5, F8 and Pz1L (Fig. 10). The

comparison of measured and modeled values is
discussed in the following.

Table 4 shows that the total flux (13.6 metric tons/yr)
of dissolved solvents leaving the source zone, assumed to
be represented by PCE, is almost totally degraded:
12.9 metric tons/yr of PCE, 3.1 metric tons/yr of TCE,
1.4 metric tons/yr of DCE and 105 kg/yr of VC are
degraded. This is the reason why pollutants do not
appear in the Automne River, which is the outlet of
the aquifer. This observation somehow validates the
model results; huge amounts of chloride are generated
(10.5 metric tons/yr).

Discussion

It is well known that VC degrades well in the presence
of oxygen (e.g. Broholm et al. 2005). Even at very
low dissolved oxygen concentration, VC degradation is
possible (Sing et al. 2004). With this model, the
calibrated first-order degradation rate coefficient within
anaerobic media for VC (0.0284/day) is high in
comparison with the calibrated degradation rates of
PCE, TCE and DCE (0.0038, 0.0031, 0.0033/day,
respectively). This calibrated high VC degradation rate
is however consistent with the presence of some
dissolved oxygen near the surface, as shown in
Fig. 6; it may also reflect the volatilization of VC,
not represented in the model, but very likely to occur,
given the high volatility of VC compared to the other
solvents, and given the proximity of the water table to
the ground surface.

Strong reducing conditions are favorable for the
biodegradation of chlorinated solvents having more
than one chlorine; the released chlorine increases the
anion and cation concentrations in the solution and
thus modifies the medium electrical resistivity. To
check this effect, the electrical resistivities obtained

Fig. 11 Chloride concentration vs calculated resistivity (ρ) from
ERI data

Table 5 Major anion and cation concentrations in meq/L and calculation of the error (E) made in the ionic balance, after the formulae of
Freeze and Cherry (1979)

Tube-well or borehole Na+ NH4
+ K+ Mg++ Ca++ ∑+ Cl– Br– NO3

– SO4
– HCO3

– ∑− E

T5 0.55 0.06 0.05 4.01 13.21 17.89 6.90 1.56 0.00 0.00 12.54 21.00 8 %
T8 1.17 0.10 0.04 2.46 10.48 14.25 9.19 0.30 0.13 0.28 16.76 26.66 30 %
T9 0.37 0.37 0.04 0.94 3.36 5.08 0.83 0.00 0.01 0.83 4.1 5.77 6 %
T11 2.45 0.13 0.16 2.24 7.73 12.71 4.25 0.23 0.00 0.00 7.951 12.43 1 %
T6 0.29 0.13 0.19 1.64 4.71 6.96 0.75 0.00 0.01 0.16 4.475 5.39 13 %
T12 0.77 0.17 0.11 1.82 7.74 10.61 10.28 0.12 0.00 0.00 7.05 17.46 24 %
T13 0.25 0.12 0.19 1.38 4.94 6.88 0.33 0.00 0.01 0.01 7.923 8.27 9 %
T14 0.58 0.08 0.09 4.42 14.95 20.13 8.81 0.71 0.00 0.00 10.85 20.36 1 %
T16 7.15 0.15 0.11 2.41 9.18 19.00 7.37 0.10 0.00 0.00 8.338 15.81 9 %
T17 1.36 0.11 0.09 2.00 7.79 11.35 8.76 0.05 0.00 0.00 7.846 16.66 19 %
Pz11 0.33 0.00 0.05 1.37 4.90 6.65 0.45 0.00 0.03 0.89 5.15 6.52 1 %
Pz4C 0.92 0.01 0.07 1.78 6.45 9.23 1.31 0.00 0.00 0.98 6.23 8.53 4 %
Pz10 1.47 0.01 0.06 2.30 7.99 11.81 2.66 0.05 0.00 0.83 7.581 11.12 3 %
Pz1C 10.88 0.04 0.06 2.30 7.81 21.08 10.05 0.39 0.00 0.00 10.27 20.72 1 %
T3 0.33 0.17 0.14 1.43 5.45 7.53 1.70 0.00 0.00 0.00 5.565 7.27 2 %
Pz2C 1.42 0.04 2.86 10.16 14.47 2.82 0.00 0.00 1.70 9.169 13.69 3 %
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by ERI (inverted values at the depth of water
sampling) were correlated with the measured chloride
concentrations in the nearest tube-wells/boreholes
(Fig. 11). The aquifer electrical resistivity decreases
when the chloride concentration increases; an empir-
ical exponential relation with a correlation coefficient
of 0.73 was obtained. The background chloride
concentration of 30 mg/L corresponds to an aquifer
resistivity of 30 Ω.m, according to the ERI data next
to T11 and T6, which are located outside the pollutant
plume. Thus, one can conclude that the resistivity
anomalies in the ERI survey are mainly due to the
presence of high chloride concentrations in the
alluvial valley, although other major ions also con-
tribute to the salinity, as shown in Table 5.

The same trend is observed when chloride concentra-
tions are plotted against the electrical resistivities obtained
by EM31 (Fig. 12). An exponential relation is also
obtained with a correlation coefficient of 0.53, which
shows less confidence than the one obtained with ERI
data. This can be explained by the fact that the electrical
conductivity given by EM31 is a mean value for an
investigation depth of 5.5 m—or up to 9 m depending on
the importance of the conductivity of the body at such
depth (McNeill 1980).

The available measurements of polluted water
conductivities in borehole/tube-wells and geotechni-
cal reconnaissance wells were also used to calculate
Archie’s formation factor. Results in Table 6 show
that the F value calculated from ERI data ranges
from 2 to 3.9, and from 1.8 to 7.4 for EM31 data. It
is known that F increases with the salinity (Ziarani
and Aguilera 2012). It was assumed in the preceding
that the central axis of the pollutant plume migra-
tion is in the direction T2-T5-T8-Pz1L/Pz1C; else-
where, the alluvial valley is less polluted. This
interpretation is confirmed by the formation factor
results. The weakest electrolyte resistivities are
observed at these tube-wells/boreholes in the central
axis and the calculated formation factors are sys-
tematically higher than the one calculated between
T3 and T13 where the electrolyte resistivity is high
(14.4 Ω.m, which means with less ions), with the
minimum value of F=2 for ERI data and 1.8 for
EM31 data.

It was seen before that heterogeneities of the
aquifer produce few negative Eh values outside the
d e fi n e d p o l l u t a n t p l u m e ( s e e s e c t i o n
“Oxidation–reduction potential”); these points could
be subject to local reducing conditions. It should be
noted that local heterogeneities of the aquifer may
generate vertical components of the groundwater flow,
inducing vertical stratification of chlorinated solvents
concentrations in the aquifer (e.g. Petitta et al. 2013).
However, such a mechanism would not affect the
horizontal distribution of the pollutant plume previ-
ously defined.

The measured concentrations show highly varying
values with time, probably due to seasonal varia-
tions and other climatic parameters which were not
taken into account by the model. The normalized
root mean standard deviation between measured and
calculated concentration were calculated to be 19,
26, 28, 40 and 49 % respectively for PCE in F5,
TCE in F5, DCE in F8, CV in Pz1L and chloride in
F5. Despite of the fact that numerical model
solutions may possibly be non-unique, the model
gives acceptable calculated values, at least with the
correct orders of magnitude compared to the mean
of the measurements.

Fig. 12 Chloride concentration vs calculated resistivity (ρ) from
EM31 data

Table 6 Measured electrolytical conductivity in a few tube-wells/boreholes or geotechnical reconnaissance wells and corresponding res-
istivity formation factor as a function of geophysical data (ERI or EM31)

Tube-well or
borehole

Electrolytical conductivity (μS/cm) ρw [Ω.m] ρ [Ω.m] ERI F from ERI ρ [Ω.m]
EM31

F from EM31

T2 1,950 5.1 12.2 2.4 20.3 4.0
T5 1,700 5.9 23.2 3.9 21.6 3.7
T8 1,247 8.0 17.2 2.1 25.6 3.2
Between T3 and T13 695 14.4 29.0 2.0 25.6 1.8
Pz1L 1,940 5.2 18.3 3.6 32.9 6.4
Pz1C 2,250 4.4 10.6 2.4 32.9 7.4
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Conclusion

This work has shown that combining geophysical and
geochemical data to map a chlorinated solvent pollu-
tion plume is an inexpensive and quick methodological
approach to establish the existence of a strong
biodegradation activity in a contaminated site. The
ERI survey and the electromagnetic EM31 campaign
took 2 days each, over an investigated area of
30,000 m2. The hand-hammering of 16 metallic tube
wells at a depth of 2 m took 2 days, including the
water sampling campaign. With the chemical analyses
and data interpretation, in less than 2 weeks, a first
image of the extent of the polluted zone and of the
ongoing processes within that zone could be obtained.
Strongly reducing anaerobic conditions in situ were
revealed by highly negative values of the oxidation–
reduction potential and by high chloride concentrations
associated with high ferrous iron concentrations. The
same locations also coincide with the presence of the
pollutant plume as seen by ERI and EM31 measure-
ments. The data obtained from the combined
methodology were used to build and calibrate a first
approximation of a hydrogeological model of the
transport and degradation of the dissolved chlorinated
compounds. Thus, the lack of historical data
concerning the location and the strength of the
pollutant sources needed for the hydrogeological
modeling could be partly compensated by fitting the
model on the current plume position given by the
geophysical data. The measured chloride concentrations
and those calculated by the model from the solvent
biodegradation were also used to calibrate the pollutant
source strength and the hydrodynamic dispersivities,
while the effective kinematic porosity of the aquifer
was calibrated from the delay between the starting of
the pollutant injection and its appearance downstream
in the valley. After calibration, the distribution of the
concentrations of the chlorinated ethenes simulated
with the calibrated model approximately reflects the
measured values in the observation wells. The model
showed that about 95 % of the solvents emitted by the
buried DNAPL source were degraded during their
transport through the aquifer, over a distance of
1,000 m and with a transfer time of around 20 years.
This was consistent with the observation that the river
draining the aquifer downstream did not show any
measurable concentrations of solvent. Even if the
model is very crude, it allowed, together with the
field data, the managing authority to decide that no
further decontamination action was needed on this site.
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