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RESUMEN

El contenido de arcilla en suelos areno-arcillosos influye sobre la permeabilidad hidraulica (coeficiente de filtracion). Se
presenta una revision de datos experimentales publicados que relacionan el coeficiente de filtracion con el tipo litologico del
suelo y el tamaho de las particulas. A partir de calculos tedricos, se modifican las conocidas formulas que relacionan el coeficiente
de filtracion con el contenido de arcilla. Se estima el contenido de arcilla a partir de los datos interpretados por el método SEV,
y se propone un procedimiento para la estimacion del coeficiente de filtracion: (a) calculo del contenido de arcilla a partir de la
resistividad del suelo y de la salinidad del agua subterranea, (b) estimacion del coeficiente de filtracion a partir del contenido de
arcilla. Se presentan algunos ejemplos de la aplicacion de esta metodologia.

PALABRAS CLAVES: Permeabilidad hidraulica, contenido de arcilla, suelos areno-arcillosos, Sondeo Eléctrico Vertical,
Imagen de Resistividad 2D, modelacion petrofisica.

ABSTRACT

The influence of clay content in sandy and clayey soils on hydraulic conductivity (filtration coefficient) is considered. A
review of published experimental data on the relationship of hydraulic conductivity with soil lithology and grain size, as dependent
on clay content is presented. Theoretical calculations include clay content. Experimental and calculated data agree, and several
approximation formulas for filtration coefficient vs clay content are presented. Clay content in soil is estimated from electric
resistivity data obtained from 2D VES interpretation. A two-step method is proposed, the first step including clay content
calculating from soil resistivity and groundwater salinity, and the second step including filtration coefficient estimating from
clay content. Two applications are presented.

KEY WORDS: Hydraulic conductivity, clay content, sandy clayey soils, Vertical Electrical Sounding, 2D Resistivity Imaging,

petrophysical modeling.

INTRODUCTION

Hydraulic conductivity is an important parameter in
hydrogeology. This parameter is useful for groundwater
management, groundwater protection and prediction of
contaminants transport.

Standard techniques to determine hydraulic
conductivity, such as pump tests, tracer tests or grain size
analysis, require boreholes, which turn out to be relatively
expensive, with sparse results and low resolution of the
resulting maps. Superficial geophysical methods, such as
resistivity or vertical electrical sounding (VES) require no
perforation, and can produce information faster and with
higher resolution. But soil resistivity has no direct theoretical
relationship with the filtration coefficient Kf, which depends
on many parameters, such as soil porosity, grain size,
capillary radius and clay content. It was found in experiments
that Kf decreases as clay content increases, and so does soil
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resistivity. Thus, we may expect a proportional
relationship between soil resistivity and Kf. Soil
resistivity depends on other parameters, like groundwater
salinity, soil humidity, temperature, etc. For a successful
correlation with Kf we need to know these additional
parameters or to fix them.

In Figure 1 the intervals of filtration coefficient values
for different rocks and unconsolidated sediments are
presented. Hydraulic conductivity in rocks exists due to
fractures, and in unconsolidated sediments due to
intergranular pores. The lowest filtration coefficients for
sediments correspond to unweathered marine clay and the
highest to clean sand and gravel. We conclude that filtration
coefficients for unconsolidated sediments are distributed
accordingly to grain size or clay content.

In this work, we consider only loose sandy-clayey soils
(unconsolidated sediments). There are different schemes of
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Fig. 1. Distribution of filtration coefficient values for hard rocks
and unconsolidated sediments.
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hydraulic conductivity estimation for sand-clay soils on
geoelectrical parameters, correlating hydraulic conductivity
with electric resistivity. This correlation is directly
proportional on a regional scale (higher resistivity
corresponds to higher hydraulic conductivity), but sometimes
on a local scale the correlation is inversely proportional
(Mazac et al., 1990). When increasing gravel content in sand-
clay soil causes an increase in soil resistivity, it will also
result in soil porosity and hydraulic conductivity decreasing,
and correlation with resistivity can be inversely proportional.
In Mazac et al. (1990) the influence of groundwater salinity
and clay content on soil resistivity is not taken into account.
But clay content evidently influences hydraulic conductivity.
When the clay content in soil is rather high (30-100%) and
salinity is increasing, hydraulic conductivity and soil
resistivity won’t change. When in the same area there are
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sandy lenses, their resistivity diminishes with salinity
increase without change of hydraulic conductivity, but sandy
lenses have higher hydraulic conductivity in comparison with
clayey soil. Such effects can distort the correlation between
soil resistivity and hydraulic conductivity.

In several publications (Melkanovitsky, 1984,
Geophysical methods ..., 1985) the idea to use transversal
resistance (T=p*h, where h is the thickness of the subject
layer) for hydraulic conductivity estimating was discussed.
Parameter T can be found with higher accuracy than
resistivity from VES interpretation, because the equivalence
principle does not influence T values in the intermediate
resistive layer. In this scheme, the influence of groundwater
salinity and clay content is not taken into account.

Salem (2001) published a formula relating hydraulic
conductivity with formation factor F that allows finding
hydraulic conductivity from resistivity data obtained through
VES method:

K;=7.7-10"°-F*® m/s=0.66528- F>* m/day, where F
= psoi]/pwz\ter : (1)

This formula takes into account groundwater salinity
(by using F), but it does not consider clay content.

Berg (1970) showed, that in a heterogeneous mixture
of different grains, hydraulic conductivity is controlled by
the component with the finest pore system, in other words,
by clay content.

Clay content influence on filtration coefficient was
mentioned in Marion (1990) and Knoll ef al. (1995) as an
important factor in the relationship between geophysical
parameters and hydraulic conductivity for unconsolidated
sediments.

Ogilvi (1990) showed the results of filtration coefficient
studies in Figure 2.

He obtained the dependency between electric resistivity
and filtration coefficient for different conditions of soil
humidity and groundwater salinity. This figure and the table
below show relationship between soil lithology (sand, sandy
loam, loam, clay, with subdivisions for each lithological
group), grain size (14 gradations), and filtration coefficient
(in bold black frame). Using soil lithology and grain size in
this table, we estimated clay content as in bottom row of the
table. Between these two rows we created correlation
formula (9).

Empirical and theoretical relationships between
Spectral Induced Polarization (SIP) and hydraulic
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Fig. 2. Dependence between soil resistivity and filtration coefficient for different groundwater salinities (0.1-1 and 1-3 g/1) for natural
humidity (1) and at full saturation (2). Legend: d — diameter of soil grains; H, M, L: heavy, medium and light soil subgroups; FG, MG, CG
— fine, medium y coarse grained subgroups (modified from Ogilvi, 1990).

conductivity were studied in theory and in the laboratory by According to Borner et al. (1996) hydraulic
Borner et al. (1996) and Slater and Lesmes (2002). Other conductivity can be calculated with the help of the Kozeny
researchers (Hordt er al., 2005) performed field — Carman equation on formation factor F and the specific
measurements with SIP method for hydraulic conductivity inner surface area S (estimated from the imaging part of
estimation. But the SIP method is rather complex for complex conductivity measured with the SIP method):

fieldwork and needs measurements in broad frequency
intervals (at least 4 frequency orders). Therefore, this method = ; , )
is used more in the laboratory than in the field. F(S,,)°
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where K, is filtration coefficient in m/s and SPOr isin 1/um,
S,W: 8.6 - Im(0), o is electrical conductivity in S/m, and
coefficient ¢ is a constant in the interval 2.8 - 4.6.

According to Slater and Lesmes (2002), Spor related to
the imaginary part of superficial conductivity Im(o) depends
on the specific inner surface area and on Cation Exchange
Capacity - CEC (of clay component) and depends little on
electrolytic conductivity (of pore water). Slater and Lesmes
demonstrated that Im(o) has correlation with d
(granulometric parameter) characterizing the fine part of soil
component.

At the SAGEEP conference (Shevnin et al., 2006) we
demonstrated the possibility to separate, by a petrophysical
interpretation of VES data, values of superficial conductivity
and electrolytic conductivity. SIP as well as VES allow
estimating superficial conductivity in soil pores and finding
the filtration coefficient, because superficial conductivity is
created mainly by clay or quasi-clay content in soil.

With the help of superficial electrical methods like VES
a great volume of non destructive, fast and low-cost electrical
measurements is feasible, performing, unlike direct
measurements of hydraulic conductivity.

Based on the similarity between electric and water
current distribution in clay-sand soils (using the same pore
system) it is possible to establish and use a correlation
between hydraulic and electric conductivity. The main idea
of our study is not to substitute direct hydraulic conductivity
measurements for indirect ones, but to integrate them to
perform fast and fairly exact estimations of hydraulic
conductivity with low cost and high resolution using direct
Kf measurements to calibrate indirect geophysical results
of Kf estimations.

CALCULATIONS

According to Kozeny theory (Gavich et al., 1983), a
porous medium is considered as an ensemble of fine tubes
with the same length. Hydraulic conductivity is equal to

K, =A*¢*d>/ (36 (1 - $)*T>), &)

where: ¢ is porosity for Kozeny model; d is a tube diameter
in mm; T is a tortuosity; A is a constant depending on the
units: A=0.92*10% for d in mm and Kf in m/d. Kozeny
formula can be applied to sand-clay soil. Hydraulic
conductivity is a function of soil porosity, capillary radii
and tortuosity. These three parameters are not completely
independent; for example, we can calculate tortuosity with
the help of formula (5) using soil porosity ¢ and formation
factor F (Bassiouni, 1994):
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v=JFp . 5)

For sand -clay soil it is more common to use sand and
clay grain size instead of capillary radii. Pore diameter is
about 0.1-0.3 of grain diameter. For spherical grains of the
same diameter, porosity doesn’t depend on grain diameter,
but on grain packing. Sand porosity is equal to 47.64% for
cubic packing and 25.95% for hexagonal packing.

In the case of a sand-clay mixture, smaller particles of
clay fill the pore spaces between sand grains until clay
content remains lower or equal to sand porosity. At higher
clay content sand grains become suspended in the clay
matrix. Porosity of the mixture can be calculated using sand
and clay porosities and clay content (Ryjov and Sudoplatov,
1990; Marion, 1990).

The total porosity ¢ of the sandy clay soil is calculated
from the following expressions (Ryjov and Sudoplatov,
1990):

¢=(¢,-C)+¢.C,
¢=Co,

when C <, (4a)
whenC > ¢, ’ (4b)

where C is clay content, ¢_is clay porosity and ¢_is sand
porosity. Clay and sand porosities are considered as constant;
therefore, soil porosity is a function of clay content.

Thus, porosity, grain size (or capillary radius) and
tortuosity are not independent parameters. Rather, they are
interrelated in the sand-clay soil model. In this work we use
clay content as the main factor, as a function of other
parameters such as soil porosity, tortuosity and formation
factor.

There are formulas of Kf calculations based on grain
diameter (Kobranova, 1986; Salem, 2000).

The formulas of Kf for spheres of the same diameter
(Kobranova, 1986) depend on grain packing. For example,
for hexagonal packing the expression is:

nd?
AT (62)
R2u
and for cubic packing it is:
2
Ky =A-td (6b)
128 u

where: d is diameter of sphere in mm; w is viscosity of fluid;
A=0.75*10° (when d is in mm and Kf in m/d). In these
formulas, the only factor is grain diameter, but in reality,
the porosity influence is hidden in the coefficients, depending
on grain packing.



Both capillary radius and porosity are taken into
account in the formula (Mironenko and Shestakov, 1978):

AO-R: o
K, = A0 ReT ™
8u

where 0 is a porosity, R capillary radius; g water density; t
tortuosity; A is a constant, depending on units.

Comparing formulas (6), (7) and (3) we conclude that
in formula (6) Kf is proportional to d?, in formula (7) it is
proportional to R?- 6 - t, and in formula (3) Kf is proportional
to d* - 6%/ F. The common main factor in all formulas is d?
(or r?). Influence of porosity 6 and formation factor F is more
noticeable at high clay content. For soil model A in Figure 4
we compared formulas (6), (7) and (3). They give similar
results at low clay content and differ at high clay content.
Porosity 0 is a minimum where clay content is equal to sand
porosity. At the same point the formation factor F has
maximum. Thus using formula (3), which contains d* - 6* /
F, we notice a minimum in the Kf curve.

Expressions (6a, b) do not consider clay content
directly. Clay content is present indirectly in d values, in
soil grain size, but may be expressed directly taking into
account clay content and using the formula (Konishi and
Kobayashi, 2005):

Estimation of hydraulic conductivity on clay content

where C is clay content, d_ is clay grains diameter, d_ is sand
grains diameter, and d is the mean value of grain diameters
in the soil mixture, with variable clay content.

We calculated Kf using formula (6a), taking into
account clay content and using d value with the help of
formula (8).

Theoretical graphs of resistivity versus salinity for
different clay content values are displayed in Figure (3 A),
calculated with Ryjov’s algorithm Petrowin (Ryjov and
Sudoplatov, 1990; Shevnin et al., 2005). This algorithm also
calculates soil porosity as function of clay content in sand-
clay soil, using formulas (4a) and (4b) (Figure 3 B). Figure
(3 A) can be used to determine clay content from soil
resistivity and groundwater salinity. Suppose salinity is 0.01
g/1. If soil resistivity is 2.3 Ohm.m, clay content in this soil
according to Figure (3A) is 100%. When resistivity is 10
Ohm.m, clay content is 26%. When soil resistivity is 100
Ohm.m, clay content is 3%, and so on. But Figure (3A) was
calculated for sand porosity 25%, clay porosity 55% and
CEC of clay 3 g/l. Change of the model parameters will
influence the position of curves in Figure (3A) and estimated
clay content. In field technology there is an operation of soil
sampling and measuring in the laboratory of the dependence
of resistivity versus pore water salinity. Interpretation of soil
sample measurements allows obtaining soil model
parameters to find clay content from soil resistivity.

We have now obtained all parameters for hydraulic
conductivity calculation using formula (3). Results of
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Fig. 3. Theoretical graphs of soil resistivity versus groundwater salinity for different clay content (for clay-sandy soils). B - Relationship
between soil porosity of clay-sandy soil and clay content.
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calculation on formulas (3), (6a) and (7) (for model A) are
shown in Figure 4.

The main conclusion from Figure 4 is that the three
formulas give similar results at low clay content and different
results at high clay content. The difference in Kf between
these formulas resulted in porosity changes in clay-sand
mixture at clay content increase, which is taken into account
in formulas (3) and (7) and is ignored in formula (6a).

Different experimental data extracted from several
publications (see brief references in Figure 5) are presented
in Figure 5 in coordinate system of clay content and filtration
coefficient. Intervals of Kf are marked with a grey polygon
for clay content 1-100%. In many cases, the publications
give Kf interval for definite lithology. This lithology
information was transformed into clay content using ideas
of Ogilvi, presented in Figure 2.

All experimental Kf data in Figure 5 have noticeable
scatter (up to 4 orders of magnitude) for any clay content.
There are different natural factors that cause this scatter.
General variation of Kf values is from 8 to 10 orders of
magnitude. There are different types of clay with different
Kf values, for example, replacement of montmorillonitic to
caolinitic clays change Kf by two orders of magnitude (De
Wiest, 1965). Sand and clay grain diameter can change
hydraulic conductivity as shown in Figure 4 and 6, at least
by two orders of magnitude. Superficial soil frequently has
horizontal layering (with anisotropy); and hydraulic
conductivity values for horizontal and vertical water flow
may differ by up to 4 orders of magnitude (Gavich et al.,
1983). Kulchitsky et al. (2000) found in different clays two
types of capillaries with diameters of 10 angstrom (typical
for clay) and 400 angstrom. A factor of 40 in pore diameter
corresponds to 3 orders of magnitude in Kf. Clay particles
in sand capillaries sometimes are smeared on pore walls of
the sand fraction, and some clay exists in sand pores as plugs
(Ryjov and Sudoplatov, 1990). Changes of clay amount on
capillary walls and in plugs can change the filtration
coefficient. Thus, it is important to apply direct methods in
every site to calibrate indirect methods. We can control the
scatter in soil properties by sampling soil at every site and
measure its resistivity versus pore water salinity to obtain
soil model parameters from these data: clay content, soil,
porosity of clay and sand and clay cation exchange capacity
(Shevnin et al., 2004).

In Figure 6 we present theoretical calculations using
formulas (3) and (6a) for models from Figure 4, for the
formula of Salem (1) and approximation formulas (as straight
lines in logarithmic coordinates) for data of Ogilvi (9), and
Slater & Lesmes (10) including approximation formula (11)
for all data in Figure 6. We used straight line approximations
in logarithmic coordinates to obtain formulas in the form
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Fig. 5. Dependence between clay content and filtration coefficient on experimental data.

K =A-C*®, where A and B are constants. Coefficient A in this
formula can be calibrated by direct Kf measurements in each
site.

The formulas are the following:

K,=C 23.15-107 (approximation for Ogilvi (1990) data)

C))
K, = C™%.439-10™* (approximation for Slater and
Lesmes (2002) data) (10)

K, = c?-72-10™ (approximation for all data in this
paper), (11)
where C is clay content in relative units between 0.01 and 1.

Formula 11 has the feature that the power exponent for clay
content is equal to 2, as in Kobranova’s formula.

These approximation formulas can be used for
recalculation of practical clay content values into filtration
coefficient values. These expressions have restrictions. Clay
content should not be zero. They are only valid for clay-
sand soils. Differences between Kf values calculated from
formulas 9-11 should nor exceed one order of magnitude.
We recommend some calibration of soil filtration coefficient
at each site, when possible.

Formula (10) was obtained by using experimental data
such as clay content and hydraulic conductivity estimated
in the laboratory and presented in Slater and Lesmes (2002).
This information allows calculating correlation between
filtration coefficients measured directly and estimated from
clay content (Figure 7) for different types of formations
(sand, till, silt, loam, mixture of sand and clay, kaolin and
bentonite) with correlation coefficient 0.79.

201



V. Shevnin et al.

Kf,
m/day
100 1
10
SN ~<
1 3 \ \\\\
4~ \\ S
~ ~ ~
0.1 =~ o~ >~
~ ~ ~ a -~
~ ~ ~ ~ ———’
> ~ D ~ >———— b
0.01 N S -5
: S NNy, ~ a=
SN N <
~ =
10—3 . \\ -\ \
q Experimental data NS A _’_*;\
10" Calculations: Approximations: b 6
Model of Salem 6 == =1 Ogilvi
10° d4— — Salem-C=0.04 g/l 7 wmmm Slater, Lesmes
5 == == Salem-C=0.1 g/I 8 @@ This paper
-
10 Models of Kozeny (a) and Kobranova (b)
=L ===b ds=10?, dc=3.3*10".
10" 52— B 4s=10%, de=10".
:3-_—— = -4 = * -8
10° =5 ds=10", dc=3.3*10". Clay content
| | | L I | | | | I
0.01 Sand 0.04 0.1 sL 0.2 0.3L04 Cly 1

Fig. 6. Modeling results and approximated dependencies between clay content and filtration coefficient.

By means of the VES method, it is possible to
estimate the filtration coefficient on base of clay content,
found from soil resistivity and groundwater salinity (Shevnin
et al.,2004). Finally, it is possible to calculate the hydraulic
conductivity by the following steps:

(1) Geoelectrical measurements along profiles with VES
method at the site. We recommend 2D Resistivity
Imaging field technology of VES.

(2) 1D, or better, 2D VES data interpretation in order to find
the true resistivity distribution.

(3) Recalculation of true resistivity values along with
groundwater salinity into clay content, using a soil model

obtained from soil sample measurements.

(4) Recalculation of clay content into filtration coefficient
(hydraulic conductivity values), using one of equations
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(9-11) and using results of direct Kf determination for
calibration.

CLAY CONTENT ESTIMATION FROM
GEOPHYSICAL DATA

Hydraulic conductivity estimation from clay content
can be practical when geophysics provides this parameter
(clay content). A technique for clay content estimation from
resistivity measurements was developed. The first step
includes soil sampling and the measurements of soil
resistivity versus pore water salinity in the laboratory
(Shevnin et al., 2004). Soil curve resistivity versus water
salinity is interpreted with Petrowin software (Ryjov and
Sudoplatov, 1990; Shevnin et al., 2005) to estimate sand-
clay model parameters, such as clay content, sand and clay
porosity, and cation exchange capacity of clay. This
technique was checked on soil mixtures of calibrated sand
and montmorillonite clay with clay content from 0 to 100%
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(2002).

(Figure 8). In this case, maximal error of clay content
estimation was 18%. This error level leads to reliable
estimation of the main lithological types of sand-clay soils,
such as: sand, sandy loam, loam, clay. This technique helps
obtaining a soil model of the site used in the process of VES
resistivity and groundwater salinity interpretation in terms
of clay content.

The second step is used for recalculation
(interpretation) of soil resistivity and pore water salinity
values into values of clay content, also with the help of the
Petrowin program (Shevnin et al., 2005). Soil sampling in
this case is used to obtain a typical soil model for the study
site. This model and groundwater salinity are used to
transform electric resistivity values obtained from VES data
interpretation into petrophysical parameters, and first of all
into clay content. We think that maximal errors of clay
content estimation do not exceed 1.2-1.5 times the true clay
content value. For example, for a clay content of 0.1 (10%)
there will be error limits between 0.07 - 0.15 (7% - 15%).
An error in clay content calculation will produce an error in
hydraulic conductivity estimation. After using formulas (9 -
11), an error in Kf calculation shouldn’t exceed 5-fold limits
of true Kf value (at the local level), but according to Figure
5 the natural regional dispersion has 4 orders of magnitude
for each clay content value. Such error can be reduced only
with the help of Kf calibration at the studied site, obtained
with direct hydrogeological Kf measurements.

Clay content variation between 0.01 and 1 (1 - 100%),
according to Figures 5-6 produces 50 000-fold variation in

Estimation of hydraulic conductivity on clay content
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Fig. 8. Theoretical graphs of soil resistivity versus pore water
salinity for different values of clay content and practical graphs
(A - F) received from soil resistivity measurements in the
laboratory. Theoretical calculation was made for the next soil
model: CEC of clay - 1.73 g/I; clay porosity - 0.55; sand porosity
- 0.22; radius of clay pores - 3*10° m. Values of theoretical curves
mean clay content in %. Experimental mixtures A-F were made
for pure sand (A), and for clay content 10% (B), 20% (C), 30%
(D), 60% (E) and pure clay (F).

Kf value. In this case the 5-fold error in Kf calculation
constitutes only 1/1000 part of the total Kf range. With this
level of errors, we count on the needed resolution in Kf
calculation to provide real Kf value estimation within one
order of magnitude or decade of logarithmic scale, in all
ranges of Kf values. Thus we shall obtain an acceptable Kf
estimation in the intervals 0.01-0.1; 0.1-1; 1 -10 m/d, etc.,
and this accuracy is sufficient to resolve many
hydrogeological problems. These errors do not take into
account the natural scatter in Kf. This problem can be
resolved with calibration.

PRACTICAL EXAMPLES

Hydraulic conductivity estimation, developed in this
paper, is based on clay content values found from VES
resistivity and groundwater salinity taking into account a
soil model of the site, estimated from soil sample resistivity
versus salinity measurements. As for VES results, hydraulic
conductivity values can be presented as cross-sections (for
VES profiles, Figure 10), maps (Figure 11) or tables of
parameters (Table 1).
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Fig. 9. Schematic geological cross-section for the site Km42.

As an example of this application, we present the site
Km42, near Cardenas, Tabasco. The cross-section includes
four layers: superficial covering (layer 1), loam (layer 2),
sandy aquifer (layer 3), and clay-rich basement (layer 4)
(Figure 9).

We calculated the petrophysical parameters (Table 1)
by using mean values of electrical resistivity for each layer,
mean groundwater salinity (0.05 g/1) estimated for this site,
and a soil model found from samples. There is no calibration
data for Kf.

There are three cross-sections for the same profile of
the site in Figure 10: resistivity cross-section obtained after
2D VES data interpretation, cross-sections of clay content
and filtration coefficient. On these cross-sections it is
possible to distinguish four layers from values of resistivity,
clay content and filtration coefficient. The main sandy
aquifer (the 3™ layer) is clearly visible from its maximum
resistivity, minimum clay content and high values of filtration
coefficient.

In Figure 11 three maps: electric resistivity, clay content
and filtration coefficient are presented for an oil
contamination site called Mecatepec, near Poza Rica,
Veracruz. In the resistivity map there is a low resistivity
anomaly corresponding to petroleum contamination. Low

resistivity in the contaminated zone is due to the
biodegradation of contaminants. This contaminated zone is
shown on two other maps due to anomalous values of clay
content and filtration coefficient. These anomalies allow
contaminated zone mapping. Probably the clay contents and
filtration coefficient values are not true in the contaminated
zone, but these anomalous values allow mapping the
contaminated zone both in plan and with depth, sometimes
with better accuracy than with resistivity data. We think that
petrophysical parameters (in this case clay content and
filtration coefficient, estimated from VES data are very
useful and practical for contamination mapping.

CONCLUSIONS

1. Estimation of the filtration coefficient with superficial
resistivity method (VES) has an advantage in comparison
with direct estimation of this parameter, because of its
speed, high resolution and low cost. Direct measurements
of filtration coefficient may help to calibrate indirect
measurements.

2. Filtration coefficient is related to different soil parameters.
Among these, in our opinion, clay content is correlated
with filtration coefficient. Clay content estimation with
the technology of VES survey on true resistivity, obtained
from VES interpretation, groundwater salinity estimation

Table 1

Properties of the layers in the cross-section of the site Km42

Layer Rho. Ohm.m Clay, % Porosity, % CEC, g/l Kf (m/d)
Covering (Layer 1) 54 14 19 8 0.02
Aquitard (Layer 2) 30 23 14.6 14 0.005-0.01
Aquifer (Layer 3) 280 2 24.5 1.2 1-2.65
Basement (Layer 4) 10 59 32 34 0.0006
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Fig. 10. Vertical cross- sections from VES data interpretation for profile 1 of the site Km42: A - resistivity; B - clay content; C - hydraulic
conductivity.

(obtained in the field on groundwater resistivity) and soil
model from soil measurements (resistivity versus pore
water salinity) in laboratory, should take into account
groundwater salinity and soil humidity as factors of high
influence on soil resistivity.

. Filtration coefficient of soil depends on many factors,
like clay content, grain size, type of clay, anisotropy of
layered sediments, and two types of capillaries in clay.
As aresult, dependence of filtration coefficient from clay
content is scattered. The scatter can be diminished with
the help of calibration by using direct Kf measurements
at each site.

4. - The steps for estimation of filtration coefficient are the
following:

a) VES field measurements in the area of study with 2D
Resistivity Imaging technology.

b) 2D interpretation of VES data with the program
Res2DInv or with similar algorithm.

¢) Measurements of groundwater resistivity in all possible
points of the site to estimate its salinity.

d) Soil sampling for measurements in the laboratory of
resistivity versus pore water salinity, which yields a soil
model used in operation (e).

e) Recalculation of two parameters (soil electrical
resistivity and groundwater salinity) into clay content.

f) Recalculation of clay content into filtration coefficient
with the help of formulas (9 - 11) taking into account
calibration results, obtained from direct measurements
of filtration coefficient, when possible.

g) Visualization of calculation results as sections and maps.
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Fig. 11. Maps for layer 3 of the site Mecatepec obtained from 2D VES data interpretation: resistivity (A); clay content (B) and filtration
coefficient (C). Bold lines on the maps marked contamination zones estimated on VES. VES locations marked on resistivity map with black
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