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INTRODUCTION

The information usually available for aquifer charac-
terisation is scarce, or in the worst cases unavailable.
Wells are by concurrent reasons spatially clustered,
reflecting this in the hydrogeochemical parameters.
Both reasons contribute for large unsampled areas.
Therefore the interpolation is in this cases prone to
estimation errors, or even impossible to do. New
wells drilled on the unsampled areas may solve the
problem, but at high costs. For less known aquifers
the choice of new drilling sites is a heuristic process
with few known constraints (usually only the geologi-
cal setting)– the outcome is in some cases far from
optimal. The number of studies that incorporate soft
(indirect) information along with hard information
(direct) in order to increase the amount and quality of
the available information is large. Soft data may be
used to interpolate hard data to areas where only soft
data exists. Ahmed & Marsily (1986) and Ahmed et al.
(1988) used electric resistivity data to estimate trans-

missivities (T) in an aluvionar aquifer in Tunisia by
cokriging (along with other techniques); Copty et al.
(1993) used a Baysian method o estimate permeabili-
ties (k) through seismic waves propagation velocities.
In the non-parametric framework Schafmeister &
Burger (1995) showed the utility of using indicators in
the estimation of hydraulic conductivities (K) using
both direct and indirect data. Schafmeister (1996)
applied the indicator coding to estimate K from litho-
logic data near Berlin in Germany; Garcia &
Froidevaux (1996) cokriged the indicators to generate
contamination probability maps in Lorraine, France.
Dimitrakopoulos & Dagbert (1993) and Muge et al.
(1997) used sequential simulation of the indicator to
generate permeability fields in a manner similar to the
one proposed here, but with data only of direct nature
(lithologic). The computation of posterior probability
functions for each simulated node is easily obtained
by the statistical interpretation of a large number of
simulated images (conditional or non-conditional) of
the same «reality», with common statistical parame-
ters. It is therefore possible to determine the most
probable image. The simulated images may also be
processed through a transfer function (e.g., a ground
water flow model) and an equal number of model out-
comes will be obtained. Again the statistical analysis
is possible. Some estimation errors may be computed

211

Stochastic estimation of permeability fields and 

macrodispersivity tensors in karst aquifers

Nunes, L. (1), Ribeiro, L. (2), Carvalho Dill, A. (1)

ABSTRACT

A new method for the determination of permeability fields from geophysical data in highly heterogeneous aquifers is proposed.
It stems from the known relations between soil electric resistivity and permeability. The method is specific for VLF-Resistivity
methods. In order to obtain classes of permeability several cutoffs are made to electric resistivity probability distribution. These
cutoffs are heuristic estimates about what classes of values of one variable should relate to what classes of values of the other.
The estimation method of the permeability fields is dependent of a prior identification of the transition probabilities. The per-
meability fields may be used in the development of conceptual models; autocorrelation distances (integer scales) obtained on
the permeability fields may used as input to macrodispersivity models. The method was applied to the Karst aquifer of the
Escarpão, in central Algarve, Portugal. The images obtained fitted well the geologic structures identified by field works. The
results of this method may be useful for the selection of new drilling spots, as input to flow and solute transport models, for the
a priori determination of macrodispersivity parameters, and of the fractal behaviour of permeability distribution.
Macrodispersivities were determined by stochastic methods using the estimated permeability fields. These varied between 82,7
and 165,7 m.

RESUMEN

Se propone un nuevo método para la determinación de campos de permeabilidad a partir de datos de geofísica. Tiene como
base las relaciones existentes entre las propiedades eléctricas del suelo y la permeabilidad. Para obtener clases de permeabili-
dad se imponen cortes sobre la distribucion de probabilidad de la resistividad eléctrica. Estos cortes tienen como base las rela-
ciones heurísticas entre los valores de clases de resistividad eléctrica y clases de valores de permeabilidad (de una forma cual-
itativa) – permeabilidad potencial, kp. Estos campos son obtenidos por simulación estocástica de la indicatriz. Pueden ser uti-
lizados para el desarrollo de modelos conceptuales, y las distancias de autocorrelación pueden usarse para estimar los para-
metros macrodispersivos. El método ha sido probado en el acuífero de Escarpão, en el Algarve central. Las imágenes obtenidas
se aproximan bien a la realidad detectada en los trabajos de campo. Las macrodispersividades obtenidas para el acuífero de
Escarpão han variado entre 82,7 y 165,7 m.
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in this way. Conditional simulation techniques are
particularly effective for conceptual model parameter-
isation of highly heterogeneous media. This is due to
the fact that conditional simulation preserves the data
variability but reproduces exactly (zero error) the val-
ues at the sampling locations. Graham & McLaughlin
(1989) refer this last aspect as fundamental in the dis-
persivity evaluation process (local) in highly hetero-
geneous media where the processes are non station-
ary – because it is necessary to know the local vari-
ability of the variables. A methodology to estimate
permeability fields in highly heterogeneous media,
fractured/karstified, to be used when hard data is
scarce or non-available is proposed. The k fields are
estimated by conditional simulation of the indicators,
which are dependent only on geophysical data where
the apparent electric resistivity (ρα) is compulsory. The
method is general for geophysical methods as long as
they provide information about the number and thick-
ness of the lithologic layers and their electrical resis-
tivity. It was tested for Very Low Frequency-Resistivity
methods. This methodology may be useful when the
spatial distribution of the permeability is unknown,
nor is its heterogeneity and isotropy. Karst systems
are therefore good candidates. In the format present-
ed here it should only be applied in cases where direct
information isn’t available, nor other indirect data. If K
or T values should be present then co-simulation
must be used. This is a very small change in the
methodology here described. The methodology was
tested in a karst aquifer in the south of Portugal
(Algarve): the Escarpão aquifer, in the area surround-
ing the Albufeira landfill.

REVIEW OF GEOPHYSICAL METHODS

Despite the fact that different physical laws describe
electrical current and ground water flow, some analo-
gies have been established between them. Some
authors determined empirical relations, linear or log-
arithmic, between hydraulic conductivity and appar-
ent electrical resistivity [K=f(ρα)], or between transmis-
sivity and transverse resistance, R, [T=f(R)]. These
relations are based on the relation between Darcy’s
law Ohm’s law: 

and 

Where Q is the yield and J the hydraulic gradient; A is
the cross sectional area perpendicular to the flow; i is
electrical current density; σ is the electrical conductiv-
ity 1/ρ, and E is the potential. Considering a prism of
aquifer material with unit cross sectional area, and
thickness H, the two laws can be combined (Sri Nivas
& Singhal, 1981):

and

These authors determined the relations between T
and R for different values of the product K.σ, as long
as the latter parameter is space invariant and known.
Maillet (1947) named R e Ce as Dar-Zarrouk variable
and function, respectively, and form together the Dar-
Zarrouk parameters. The relations between geophysi-
cal and hydrogeological parameters may be direct or
inverse. The theory foresees that ρ and K are directly
correlated. The relations proposed by Archie are only
valid for homogeneous media. When the formation is
heterogeneous anomalous results are expected.
Mazac & Landa (1979), Mazac et al. (1978), and Kelly &
Reiter (1984) concluded that the correlations are
affected also by the degree of anisotropy. Mazac et al.
(1985) showed examples where inversion in correla-
tions were observed when in the presence of clay
materials intermingled in a high permeability forma-
tion.

In this paper we study the interpretation of electro-
magnetic-resistive methods results (with information
about the phase, ϕ, and apparent electrical resistivity,
ρa) – Very Low Frequency – Resistivity. It uses artificial
waves generated by potent military broadcasting
antennas in the very low to low frequency range, usu-
ally between 3 and 30 kHz (mobile independent anten-
nas may also be used). Detailed theoretical descrip-
tions can be found in Keary & Brooks (1993), Turberg
(1993), and Müller (1996), and of the device used in the
fieldwork in Müller (1982; 1983).

PROPOSED METHODOLOGY

The methodology proposed is meant to be applied
only when no other data but geophysical data (phase
and electrical resistivity) is available. The main objec-
tive is to estimate potential permeability fields in
highly heterogeneous aquifers. The definition of
potential permeability will be discussed latter. These
fields may be used as input state variables into simu-
lation models, or used to estimate dispersivity para-
meters of aquifers (Nunes, 1998). Electrical current
travels faster through rock’s voids, through the less
resistive path – in clay or water filled channels.
Hydrogeological variables relate with electrical con-
ductivity as both take (usually) higher values in frac-
tured/altered rocks. Still, although high electric con-
ductivities (low resistivities) are always associated
with good electricity conducting materials, they aren’t
always associated to good water conducting materi-
als. This is common when the conduits are filled with
clay, a good electricity conductor but with low water
conductivity. The correct decision as to the correct
relation between the variables is an agreed job
between the geophysicist and the geologist. There are
some expressions that relate geophysical with hydro-
geological variables in homogeneous media, some of
which were reviewed before, some deal with this
problem at the fault scale, but the upscaling isn’t an
easy task. One way to circumvent the problem is by

212

Q K J A= ⋅ ⋅

i E= ⋅σ

T K R= σ

T
K

Ce=
σ



considering averaged relations between geological
and geophysical properties – look at the problem at a
macroscopic scale. In this approach averaged geo-
physical/ hydrogeological properties are sought,
instead of looking at the conduit and rock matrix
properties separately. The result is therefore a proper-
ty of a volume with the dimension of a REV (see Bear,
1972). The relation between values of electrical resis-
tivity and permeability will now necessarily be a rela-
tion between classes of values. The classes of perme-
abilities thus obtained were named potential perme-
ability classes, to emphasise the fact that they are a
result of some established relation between variables,
and not true permeabilities. A general procedure for
the determination of potential permeabilities is pro-
posed in this work. 

The interpretation of apparent electrical resistivity (ρa)
and phase (ϕ) pairs for different wave frequencies
allows the estimation of the lithostratigraphic
sequence and the real electrical resistivity (ρ) of each
layer. The process by which this estimation is made
will be designated inversion. The method proposed
considers models that estimate both real electrical
resistivity (ρ(x)) and layer thickness (η(x)). The number
of layers is a function of the phase inversions detect-
ed between different wave frequencies, and naturally
of the skin depth. When estimation of values in
unsampled areas is needed a new problem arises:
should the estimation be done with the original geo-
physical variables, which means modelling a large
number of variables, or can it be done with fewer
inverted variables? The answer to the question is yes
and no: if detailed description is necessary, then the
first approach should be used; if only a more broader
description is intended then the second alternative
may be considered (Nunes et al., 1997). After the
inversion of the geophysical data (ρα(x), ϕ(x), x=(x,y)),
a matrix ∆’ (∆’Nx2= {ρ(xi,xj,l), h(xi,xj,l)}, xi, xj = coordinates
of sampled or estimated data points, l = 1,..., Number
of lithofacies at the point) of real electrical resistivities
ρ and layer thickness η. If layer thickness is divided in
segments of equal dimension, a three-dimensional
data set is obtained. 

So, RMT-R data set, in the form of apparent electrical
resistivity and phase pairs for each wave frequency, is
inverted with an inversion model (see, e.g., Fischer &
Le Quang, 1981, or Kaufman & Keller, 1981), and new
information about the number and thickness of the
layers detected between the surface and a limiting
depth – the skin depth -, and their real electrical resis-
tivity is obtained in all the initial data points. By divid-
ing the layers’ thickness into segments and assigning
to their centre the real electrical resistivity value of the
layer, then a depth property variation is added to the
horizontal information. It is proposed that heuristic
relations between ρ and ϕ be used. These relations are
based on the modeller experience and in the physical
phenomena under study. Direct relations are made
between intervals of electrical resistivity and intervals
of potential permeability – that is relations between
classes. Alaoui et al. (1993) used a similar approach to
estimate lithologies in the Areuse delta, near

Neuchâtel in Switzerland. N cutoff values are defined
on the variable ρ, ρ1, ρ2,..., ρN, resulting N indicator vari-
ables Ii(x):

with i = 1..N cutoff values.

One advantage of using cumulative indicator vari-
ables is that the indicator cokriging may no longer be
necessary; other is emphasised by the method
described above for determination of transition prob-
abilities. To determine the transition probabilities
experimental variograms for all important directions
in each indicator variable are determined, as well as
the ratios between cross-variograms and simple vari-
ograms. Indicator fields are estimated (by kriging or
simulation) with the method that best fits the proper-
ties identified in the identification procedure. The out-
come is N separate cumulative indicator fields. But we
are interested in the potential permeability on each
estimated point. With the N cutoff values, N+1 non-
cumulative variables, I’(x), may be drawn: lower that
the lowest cutoff, in between the former and the sec-
ond lower cutoff, and so on until the last cutoff; and
one variable with values higher than the highest cut-
off. Each of the former variables is associated with a
well defined electrical resistivity interval, and there-
fore represents a well defined potential permeability
class:

Where kp
i(x) are potential permeabilities.

EXAMPLE CASE STUDY

The proposed methodology was applied to the karst
Escarpão aquifer in the south of Portugal - Algarve
region. The Escarpão formations are part of a
sequence of limestones and dolomites of the
Kimmeridgian medium-Portlandian, with average
thickness of 700 m. They are highly fractured and kars-
tified, specially in the more dolomitised areas, there-
fore with good hydraulic properties. The upper part of
the sequence is less permeable. Groundwater flow is
made essentially through the fractures and dissolu-
tion channels, with preferential development in the
N20 and N140 directions (Almeida, 1985). Under this
formation are the marls of the Peral that constitute the
border of the aquifer. 

The RMT-R (Very Low Frequency-Resistivity, but with
a frequency range expanded up to 300 kHz) prospect-
ings were made at 19, 77,5 and 183 kHz with source
direction of N30. Profiles were made in the E-W direc-
tion, therefore favouring the detection of structures
with a N-S alignment, but the vertical soundings may
mask their influence. The spacing between prospect-
ing points was kept as close as possible to 25 m.
Electrode spacing was constant and equal to 5 m
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(sampling precision). The field data collected were out
of phase (phase), ϕ, and apparent electrical resistivity,
ρa, in each of the frequencies. 

Field data was converted into lithological-resistivity
data with Fischer & Le Quang (1981) model, revised by
Fischer (1985). Experimental results by Turberg (1993)
and practical by Müller (1996), allowed the definition
of the cutoff values on ρ, relating it with the presence
of clayish material, fractured and/or karstified rock,
and unaltered rock, and in this order: ρi = {55, 110,
220}. These values have known relations with the
medium: the first value relates with areas of very high
alteration, and therefore potentially with higher per-
meabilities; potential permeability is considered to
decrease for higher values of electrical resistivity. The
cutoff values here defined are specific for the
Escarpão aquifer and shouldn’t be elsewhere without
proper justification. Similar results were obtained by
Fretwell & Stewart (1981) in a karst aquifer in Florida,
U.S.A. Empirical relations between hydraulic conduc-
tivity and electrical resistivity are usually expressed
by direct relations, but when in the presence of clay
the correlations are frequently inverted (Heigold et al.,
1979; Mazac & Landa, 1979; Mazac et al., 1985). 

The four potential permeabilities are: k1
p (high)→{ρ≤ 55

Ωm}; k2
p (medium)→{55 < ρ ≤ 110 Ωm}; k3

p (low)→{110 <
ρ ≤ 220 Ωm}; k4

p (very low)→{ρ ≥ 220 Ωm}. The central
area of this figure shows a more conductive N-S chan-
nel expected from the known geology of the area. This
channel is composed of several areas of higher per-
meability intermingled in lower conductivity materi-
als (see Figure 1). The results obtained by the pro-
posed method are very encouraging. But further

developments are still necessary to fully evaluate its
potentialities. One important development will be the
introduction of other variables, allowing the cross-
covariance analysis between the geophysical vari-
ables and other state variables. Stochastic simula-
tions may generate several three-dimensional poten-
tial permeability fields, used as input for the definition
of conceptual models. It is therefore easier to estimate
water movement and contaminant transport in areas
where the available hydrogeological information isn’t
available. The estimates will be prone to local errors –
in the sense that only large-scale properties and trans-
port are expected to be reproduced.

MACRODISPERSIVITY MODELS RESULTS

Five macrodispersivity models were tested on the
simulated images: two stochastic models proposed
by Gelhar and Axness (1983) for isotropy in the strati-
fication plane (Model 1) and anisotropy in the stratifi-
cation plane (Model 2), one proposed by Matheron &
de Marsily (1980) (Model 3), one proposed by
Neuman et al. (1987) (Model 4), and a fractal model by
Neuman (1990) (Model 5). The application conditions
for each model are well described in the before men-
tioned articles. 

The models were applied to the Escarpão aquifer,
based in the permeability fields estimated in the for-
mer step. Permeability integral scales are the only
data necessary from the estimated fields. The other
parameters are available in Almeida (1985). The flow
inclination was considered to be equal to 20º, and the
outcome of the models was as shown in Table 1.
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Model 1

A11 83,5 165,7 150,0 82,7 135,0

Model 2 Model 3 Model 4 Model 5

Table 1. Macrodispersivities estimated by the five models proposed. A11 is the first 
component of the macrodispersivity tensor A – longitudinal macrodispersivity. In meters.

The first model, despite some conceptual similarities
with that of Matheron & de Marsily estimates longitu-
dinal dispersivities 44% inferior. Model 2, 3 and 5 give
similar values despite their conceptual differences.
These results show that some first ideas about impor-
tant dispersive parameters may be attainable before
starting any modelisation of dispersion of contami-
nants. The previous results may serve as the limits of
the intervals for the a priori parameters estimates.
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