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ABSTRACT

The effects of a long-term diesel oil pollution due to leakage from buried tanks have been
investigated using electrical resistivity tomography. The reliability of 2D electrical resistivity
imaging of the subsoil was assessed using a numerical modelling approach that simulated the
different behaviour of the contaminated zone. The effects of inversion parameters, such as
the damping factor and smoothing matrix, have been studied in order to evaluate the opti-
mal parameters to process real data.

The results of the field test indicated that highly conductive anomalies can be related to
the biological degradation of hydrocarbons: geochemical analysis performed on several
groundwater samples confirmed the presence of biodegradation activity. Chemical analysis
pointed out an anomalous concentration of iron and manganese cations dissolved in the
groundwater. Very low values of resistivity can be associated with a marked modification of
the cation exchange capacity of the soil mixture due to degradation of these hydrocarbons.
Chemical and physical interactions due to hydrocarbon pollution affect the electrical prop-
erties of soils and groundwater.

INTRODUCTION

In the site characterization of contaminated land, the costs
and environmental impact of drilling numerous boreholes
make it desirable to develop less costly and more environ-
mentally friendly techniques. Many non-invasive geophysi-
cal methods have recently been applied to reduce the
adverse impact of drilling on the environment and to lower
the costs of site characterization, monitoring and remedia-
tion. Electrical Resistivity Tomography (ERT) is a geophys-
ical technique that has been successfully applied to monitor
contaminated groundwater (Barker 1996). We describe its
use in investigating leachate plumes caused by leakage from
underground storage tanks that contain hydrocarbons.
Geoelectrical and electromagnetic methods have been
widely employed in environmental geophysics over the last
10 years: high-resolution electrical methods have been
developed to detect and monitor leachate in landfills, to
map the waste distribution in controlled and abandoned
landfills and to detect organic and inorganic contaminants
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in soils and groundwater. There is an increasing interest in
the use of high-resolution resistivity surveys to investigate
contaminants, particularly concerning the plume migration.

The behaviour of the electrical resistivity of contami-
nants, with respect to the host environment, depends on sev-
eral factors, such as the host lithology, the soil moisture and
the solubility of the contaminants in the groundwater. For
organic contaminants that are not miscible with water, such
as diesel fuel and gasoline, the complexity of chemico-phys-
ical reactions with the host environment makes it unrealis-
tic to determine a typical range of resistivity which could
enable differentiation of the plume from its surroundings.
These phenomena can significantly affect the electrical and
electromagnetic properties of the soil and groundwater and
make the clear and unambiguous detection of contaminants
very difficult. Many papers have reported seemingly contra-
dictory results on the electrical and electromagnetic
response of different contamination events. Mazac et al.
(1990) pointed out the shortcomings of surface electrical
methods in the detection of thin layers of the free hydrocar-
bon phase above the water table, although borehole investi-
gations and tomographic data processing can overcome this
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problem under some conditions (Morelli and LaBrecque
1996; Godio and Morelli 1998). The electromagnetic
response at radio frequency is complicated by the possible
effects of the vapour phase and by the different behaviour
of the contamination in the vadose zone and underlying
groundwater zone (Benson 1995). Geophysical methods are
unable to detect some contaminants at the low concentra-
tions of parts per billion that are of regulatory concern,
although toluene can sometimes be detected with the com-
plex resistivity technique, due to its chemical reactions with
clay minerals. Complex electrical tomography has been
reported to be successful in the detection of diesel pollution
in the vadose zone (Kemna et al. 1999) even though great
care must be taken to avoid electromagnetic coupling
effects on the experimental data. Perhaps, the best way of
identifying contaminants in small concentrations is by
detecting their movement through repeated time-lapse geo-
physical measurements (Barker and Moore 1999).

Hydrocarbons usually show very high resistivity values,
but the electrical behaviour of hydrocarbons in soil or in
groundwater can be affected by biodegradation. This phe-
nomenon usually leads to an increase in the conductivity of
the aquifer (Atenkawa et al. 1998). This leads to remarkable
variations in the dissolved ions in the fluid phase of the sub-
soil. For example, high concentrations of dissolved iron are
associated with benzene biodegradation coupled to iron
reduction. On the other hand, biodegradation of the ben-
zene consumes sulphate and reduces the total amount of
free sulphate ions. Contaminated soils and groundwater
usually show very low resistivity values due to the imbal-
ance of the sulphate reduction and the production of dis-
solved iron.

In this complex scenario, our experience has shown that
pollution caused by LNAPL (light non-aqueous phase lig-
uid) hydrocarbons (diesel oil) can be investigated using
electrical tomography. In a study of an industrial site where
hydrocarbon contamination was thought to be a problem,
several electrical imagings were carried out to verify the
possible leakage of diesel oil from three underground stor-
age tanks into the subsoil. The study involved geochemical
and geophysical investigations of the industrial site.

GEOLOGY OF THE SITE AND DATA ACQUISITION

The investigated site is located in the southern part of the
alluvial plain of Turin (Ttaly). The upper part of the sedimen-
tary sequence is built up of recent alluvial deposits (silty and
sandy gravel with some rare clayey lenses) which overlie an
older fluvio-glacial sequence made up of silt and clay
deposits with gravel. The phreatic water table is quite shal-
low, located at a depth of about 5 m, and the flow direction
is to the south-east.

The location of the ERT profiles were planned in order
to cross the groundwater flow direction in the industrial
area, taking the available space inside the industrial site into
account. Measurements were acquired by a Syscal Jr instru-
ment connected to lines of 48 electrodes, using the Wenner
configuration. A small electrode spacing of 1 m was adopt-
ed, in order to be able to provide considerable detail of any
plumes related to leakage from the underground tanks. The
locations of some lines, close to the diesel oil leaking source,
are shown in Fig. 1.
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FIGURE 1

Plan view of the site with location of the ERT lines.

It is well known that the Wenner array is relatively sensi-
tive to vertical changes of resistivity below the centre of the
array, but is not so sensitive in delineating narrow vertical
structures. On the other hand, good quality data can be
acquired in comparison with other conventional arrays in
noisy areas. Therefore, the choice of the array was condi-
tioned by the compromise between spatial resolution and
the need to acquire good quality data in an area with poten-
tially high background noise due to the presence of the
asphalt coverage and man-made structures.

CONSIDERATIONS ON THE ELECTRICAL
RESPONSE OF HYDROCARBON-CONTAMINATED
SOIL

Different physico-chemical behaviour can be determined
from the interference of hydrocarbon pollutants and the
subsoil. It is useful to simplify the electrical response of the
hydrocarbon pollution of the subsoil using two different
resistivity models. In the first case, the contaminant plume
provides a very high conductive zone in the saturated and
vadose zone, because of the presence of strong natural
bioactivity. The second reference model considers a thin
contaminated layer above the water table, simulated by a
highly resistive layer (free hydrocarbon phase).
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TABLE 1 Anomalous concentrations of contaminants in the

groundwater

Particle P1 P2 P3 P4 PA
ppb  ppb ppb ppb ppb

Iron 76 160 260 89 53

Manganese 175 541 786 88 372

Zinc 1,01 336 249 128 878

Dissolved hydrocarbons <3 354 <3 <3 <3

The electrical conductivity of the groundwater can be
approximated by summing up the contribution of the differ-
ent ions multiplied by their mobility, according to the rela-
tionship:
c=96.5) Cm, [S/m], 1)
where C, is the number of gram equivalent weights of the ith
ion per cubic metre of water and m, is the mobility of the ith
ion [m*s V]. In the experimental test, the chemical analyses,
performed on the specimens of groundwater, have indicated
the presence of anomalous concentrations of iron, man-
ganese and also zinc, for the PA borehole (Table 1). The
increase in ions dispersed in the groundwater, caused by
biological activity, therefore, does not seem to justify the sig-
nificant changes in resistivity that are highlighted by the
electrical tomography. This fact was fully analysed, accord-
ing to the empirical relationship suggested by Waxman and
Thomas (1974), where the specific resistivity of shale and
sands depends on the cation exchange capacity (CEC), as
given by the following formula:

p0=pr(1+Bvaw)_l’ (2)

where p,, is the bulk resistivity, p  the fluid resistivity, F'is the
formation factor, and the parameter B describes the slight
interface conductivity dependence on the ion content, given
by

B =3.83[1-0.83exp(-0.5/p,)]. 3)

The parameter Q  is related to the cation exchange capacity
(CEC), according to

0, =ﬂiCEC, 4)
¢ 100

where ds is the grain soil density (g/cm?) and ¢ is the poros-
ity, CEC is given in milliequivalents per 100 g of soil matrix.
The effects of CEC on the resistivity of the soil is shown in
Fig. 2.
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FIGURE 2

Resistivity response versus fluid resistivity for different CEC values of the

soil.

effect of the double layer on the interface conductivity of

clay because of the absence of clay minerals in the soil

skeleton; the soil consists mainly of sandy material. On the
other hand, a high CEC can be related to the organic mat-
ter that is present and which is enhanced by the biological
activity in the contaminated soil.

The hydrocarbon contamination, trapped around the soil
grains, and the biodegradation activity lead to:

e adecrease in the effective porosity of the pore water con-
ductivity and an increase in the CEC of the organic mat-
ter of the soil; these effects cause an increase in the value
of the Qv parameter;

¢ a decrease in the fluid conductivity r as a consequence
of the increasing ion content, which accounts for the
increase of the B value that appears in formula (3);

e and finally, the increase in Qv and B values and the
decrease in the fluid conductivity lead to the decrease in
the resistivity according to formula (2), which is only par-
tially balanced by the variations in the formation factor
value, due to the decrease of the interconnected porosity.

The influence of different factors on the inversion proce-
dure was analysed to verify the reliability of the electrical
resistivity images. In particular, we wanted to analyse the
influence of the presence of a thick layer that was character-
ized by high resistivity values (the asphalt layer) and the
effect of abrupt changes in resistivity between the unconta-
minated and the contaminated soil and the groundwater.
The accuracy of our data is better than 3%; bad measure-
ments with a noise level higher than 3% were eliminated
(about 5% of the data points was excluded). The effects of
inversion parameters on the final results were also analysed.
The standard smoothness-constrained least-squares method
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is based on the solution of the following data set of equa-
tions (Loke 1995):

Ap=(3"3+2C"C) I"Ad, )

where A is the Lagrangian multiplier or damping factor,
used to stabilize the solution of the ill-posed tomographic
problem, J is the partial derivative matrix of the potential
function with respect to the model resistivity parameter, C is
the smoothing matrix; vector Ap is the perturbation of the
model parameters for each iteration and Ad is the vector
that contains the differences between the observed and
computed apparent resistivity values. The smoothing matrix
C enables constraints to be introduced on to the vertical or
horizontal elongation of the structures.

The effects of the tomographic inversion reliability were
explored using a numerical simulation approach (Sasaki
1992) that considered the effect of the damping factor and
the array configuration on the quality of the inversion
results. The damping factor leads to a stabilization of the
solution but produces a smoothed resistivity model: a
smoothed section provides for a realistic solution where a
gradual change in contamination or a different effect of the
natural attenuation can be expected. On the other hand, a
low damping factor should offer a better interpretable sec-
tion in the case of high contrast between the free phase of
hydrocarbon and the uncontaminated groundwater. A near-
surface highly resistive layer was considered to approximate
the asphalt coverage; the uncontaminated aquifer was char-
acterized by a resistivity of 50 Qm and the contaminated
zone was considered to be very conductive (2 Qm), accord-
ing to the above theoretical formulation.

The model and the pseudosection of apparent resistivity,
as obtained from the finite-difference forward computation
(Dey and Morrison 1979), are shown in Fig. 3. A normally
distributed noise of 5% was introduced into the synthetic
data and the least-squares smoothness-constrained analysis
was performed, according to relationship (5), using different
values of damping factor to stabilize the solution. It was ver-
ified that a damping factor in the range of 0.01 to 0.25 does
not affect the resolution of the inverted section to any great
extent and provides very similar final models with an rms
misfit of about 5%. The conductive anomaly appears to be
spatially well resolved, as is the resistivity contrast between
the contaminated and clean soil (Fig. 4).

In the second model, a free phase hydrocarbon is
assumed to be above the aquifer without any relevant min-
eralization effects (biodegradation). In such a context, the
shallow aquifer is contaminated by a non-miscible hydrocar-
bon phase and by a small amount of the total volume of
hydrocarbon dissolved in groundwater. Only the LNAPL
(light non-aqueous phase liquid) contamination was consid-
ered as the free phase hydrocarbon; this moves horizontally

Plume

Q.0 8.9 16.0 24.9 32.0 4e.0 M.
p !
2
3
a4
S
6
2
8
9
10 <
= N N 5 N _§ N ]
16.8 31. 45.5 2.8 74.2 88.5 1e3 17
Apparent Resistivity (Henner Alphad) in OHM.M Unit Electrode Spacing = 1.0 M,
z 9.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0 44.0

NADWWONREG -
QuagugugueuU

FIGURE 3
Model (bottom) and synthetic resistivity (top) for a Wenner array - 48 elec-
trodes, assuming that the hydrocarbon contamination is characterized by a

conductive response (resistivity values in Qm).
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FIGURE 4
Inversion of synthetic resistivity data with 5% of normally distributed noise

A = 0.25-0.1 and slow horizontal constraints for the model in Fig. 2.

above the water table, according to the hydrogeological con-
dition of the area. The thickness of the free phase contami-
nant above the water table is less than a few centimetres.

The formulation proposed by Worthington (1976), and
later discussed by Mazac et al. (1990), considers the resistiv-
ity response of the aquifer, fully saturated by uncontaminat-
ed groundwater, oil or a non-miscible mixture of these. The
matrix resistivity value includes the influence of the oil-wet-
ting or water-wetting phase in addition to the influence of
the resistivity of the soil skeleton.

In a more general sense, the resistivity of the fluid phase
includes the cation exchange capacity effects on the resistiv-
ity of the medium due to the interaction between the solid
matrix and the mixture of the fluid phases. The aquifer resis-
tivity (p,) depends on the soil matrix resistivity (p, ) and the
fluid resistivity (p,). It is expressed by the relationship
(Mazac et al. 1990),

apupr’
ap,10” + p, (100¢)"

Pa= (6)
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Response of the fully saturated medium versus resistivity of the solid matrix
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Model (bottom) and synthetic resistivity data (top) for a Wenner array - 48
electrodes, assuming a free phase hydrocarbon contamination as a highly

resistive layer on the water table (resistivity values in Qm).
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A =0.25-0.1 and low horizontal constraints for the model in Fig. 5.

10° 10*

where ¢ is the soil porosity, while a and n are experimental
parameters that depend on the textural and structural con-
dition of the aquifer; the resistivity of the free phase of the
hydrocarbon assumes values above 10°-~10° Qm.

In the numerical model, the following parameters
were inferred: the hydrocarbon free phase has a resistivity
> 5-10° Q-m, the uncontaminated groundwater has a resis-
tivity of 100 Q:m and the solid matrix has a resistivity
between 100 and 10 000 Qm; the soil porosity is 0.3. As can
be seen in Fig. 5, the difference in the resistivity of the con-
taminated layer compared to the uncontaminated soil is
negligible for any matrix resistivity below 200 Qm. A model
was determined with a thick overburden layer (asphalt cov-
erage at 500 Qm); the vadose zone was characterized by 300
Qm and the lens of the LNAPL on the water table has a
resistivity value of 400 Qm, as estimated by equation (6)
using a=1 and n=2.

The model and the pseudosection of the apparent resis-
tivity are shown in Fig. 6, as obtained through finite-differ-
ence forward computation. A normally distributed noise of
5% was introduced into the synthetic data and the least-
squares smoothness-constraints inversion was performed.

The data inversion was carried out with different
smoothing matrices and with different damping factors in
the range between 0.1 and 0.5. The selected simulation pre-
sented here (Fig. 7) considers a damping factor of 0.25 and
constraints on the vertical changes of resistivity. It was noted
that the resistive layer, which represents the hydrocarbon
polluted zone, cannot be resolved in a medium resistive
environment; only a small apparent depression of the water-
table level is shown. Obviously, the resistivity value of the
contaminated layer above the water table is not well
resolved and the resistive structure is not horizontally elon-
gated, as expected.

EXPERIMENTAL RESULTS

The data processing involved a tomographic inversion using
a high damping factor and constraints on the vertical
changes of resistivity. The results are depicted in four select-
ed tomographic sections which are presented in Figs 8-11.
The tomographic sections confirm the presence of a surface
layer with high resistivity that covers the whole area, which
refers to the asphalt coverage and the coarse gravel and
sand level, as confirmed by a subsequent drilling.

The electrical response attributed to the diesel oil release
(Figs 8 and 9) is indicated by the high conductivity anomaly
in the central zone of the images. This result agrees with the
suggestion that the oil release started several years before
the investigation. The biodegradation occurred later on and
modified the electrical response of the contaminated zone.

In order to verify the geophysical response, a series of
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Electrical resistivity tomography — Line 1, showing positions of the boreholes.
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boreholes was drilled on the site. Soil and water samples
taken from the boreholes were analysed for contaminant
detection. These have confirmed the detection of the plume
defined by electrical tomography (Line 1 and Line 2). The
two boreholes (P1 and P2) indicated traces of contaminants
while no trace of pollution was found away from the main
plume. The results of the chemical analyses have indicated a
low concentration of hydrocarbons and an anomalous high
content of iron (Table 1). The analysis of soil samples indi-
cated the presence of TPH in a concentration of 200-250
mg/kg in the boreholes close to the tanks at a depth of 3-5
m below the surface; a low concentration of dissolved
hydrocarbon was detected in the groundwater samples (35
mg/kg). The conductivity of uncontaminated groundwater is
350-400 pS/cm; values of 1000-1200 puS/cm were measured
for groundwater in the boreholes in the leaking zone. High
values of dissolved oxygen were measured in the boreholes
where high conductivity values were pointed out, whereas
the measurements in boreholes outside the plume revealed
low dissolved oxygen values. The anomalous concentration
of iron and manganese values cannot be explained by direct
contamination due to the industrial activity and confirmed a
bacterial process involved in the degradation of hydrocar-
bons.

In the authors’ opinion, only the effects of the mineral-
ization of the diesel oil can be easily detected by electrical
imaging, as this produces an extremely conductive response.
On the other hand, the response of a thin layer of diesel oil
lying above the groundwater table and not involved in the
biodegradation process cannot be detected, as confirmed by
the numerical simulation. When this is the case, electrical
images can lead to a false evaluation of the subsoil volume
affected by pollution.

CONCLUSIONS

The study pointed out the usefulness and the pitfalls of elec-
trical tomography in the characterization of underground
leakage of hydrocarbons. Experimental evidence, obtained
from a joint geochemical and geophysical investigation
approach, indicated that subsoil which has been saturated
with diesel oil for a long period (> 20 years) exhibits an
increased conductivity. It suggests that electrical tomogra-
phy could be useful for monitoring the effects of induced
biodegradation (bioremediation) through the repetition of
the survey at different times, in order to observe any
changes in the resistivity due to the increase of free ions
resulting from hydrocarbon degradation. The strong con-
ductivity anomaly, attributed to the hydrocarbon pollution
zone, has been explained by increasing the organic activity
and modification of the cation exchange capacity of the soil
matrix. However, great care should be taken in the data pro-
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cessing and interpretation in order to avoid misinterpreta-
tion of the effects of changes in soil moisture or pitfalls due
to near-surface conductive bodies.

Numerical simulation permitted the effects of the inver-
sion procedure on the resolution to be evaluated using a
smoothing least-squares approach with a variable damping
factor. It was verified that, in the case of long-term hydro-
carbon pollution in aerobic conditions, when the effects of
biodegradation activity can be estimated (mineralization of
hydrocarbon, changes in CEC properties of the soils), the
contaminated zone appears to be characterized as a highly
conductive zone. In the present case, a smoothed solution
using a high damping factor and smoothing matrix would be
preferable.

Furthermore, under anaerobic conditions, where the
biodegradation process is not so pronounced, it should be
considered that the LNAPL, approximated by a resistive
layer on the water table, can lead to misinterpretation of the
ERT results.
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