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A hydrogeological investigation using EM34 and SP surveys
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EM34 and SP surveys were used to delineate shallow structures associated with the mineral water springs in
the Vilarelho da Raia area located NE Portugal. This spring is part of a set of CO2-rich mineral (hot and cold)
waters connected to the main Hercynian NNE-SSW fault systems. The EM34 survey was interpreted using a quasi-
three-dimensional inversion approach based on a smooth-regularisation algorithm. The model put into evidence the
conductive overburden as well as the fractured granitic formation. A preliminary estimation of the aquifer porosity
is made based on the EM34 model. The SP anomalies were interpreted considering as having their sources on the
aquifer interfaces. The modelling of two SP profiles allow the characterisation of a fault connected to the spring.

1. Introduction
Along the megalineament of Verin-Chaves-Penacova

(northern Portugal, see Fig. 1), numerous emanations of hot
(Chaves) and cold (Vilarelho da Raia, Vidago and Pedras
Salgadas) CO2-rich mineral waters can be found. These
thermomineral waters flow from natural springs and most
of them are used in local spas since Roman times.

A special attention has been put on the characterisation
of the local low-temperature geothermal resources (Aires-
Barros et al., 1995, 1998; Monteiro Santos et al., 1995,
1996). The results obtained indicated that the chemical
and isotopic composition of Vilarelho da Raia cold CO2-
rich mineral waters is similar to that of Chaves hot CO2-rich
mineral waters. The lower temperature (17◦C) and flow rate
(2.5 l/min) of the Vilarelho da Raia springs, together with
the lower tritium activity, pointed to a longer circulation
time from the recharge area to the surface (Marques et al.,
2000).

Due to the commercial interest of that spring, some multi-
disciplinary experiments were designed to draw the concep-
tual model of the local and regional underground circulation
associated with the Vilarelho da Raia cold CO2-rich min-
eral waters. Geochemical, isotopic and geophysical studies
have been adopted to distinguish recharge regions and path-
ways of fluids emerging in the region. In this paper the re-
sults concerning the geophysical surveys (electromagnetic
and self-potential) carried out with the objective to charac-
terise fault zones and related water shallow circulation, in
the Vilarelho da Raia area, are presented. The paper shows
the complementary aspects of those techniques in hydroge-
ological problems.
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2. Geological Sketch
The Vilarelho da Raia–Chaves region (Fig. 1) is part of a

major hydrogeological province where the upflow of ther-
momineral waters are structurally controlled by the fault
systems associated with the NNE-SSW megafault extend-
ing from Verin (Spain) to Penacova (central Portugal). The
geomorphology of that province is dominated by several tec-
tonic depressions. The “Chaves basin” and “Vilarelho da
Raia basin” are grabens whose axes are roughly oriented
NNE-SSW. They are bounded at the east side by the edge
of Padrela Mountain showing an escarpment with a 400 m
throw in Chaves region. In the NW part of Vilarelho da
Raia area, the geomorphology is controlled by the Larouco
Mountain (1500 m a.s.l.) whose edge is oriented NNE-SSW.

The region is located in the Ante-Mesozoic Iberian Mas-
sif that consists mainly of Hercynian granites and Palaeo-
zoic metasediments (Portugal Ferreira et al., 1992). The old-
est formations correspond to the Schisto-Graywacke Com-
plex (Ante-Ordovician). At Ordovician and Silurian times
quartzites and schists were formed, being metamorphosed at
the end of Palaeozoic by the Hercynian granitic intrusions.
The Vilarelho da Raia and Chaves granites have been clas-
sified into the alkaline granites of the 3rd Hercynian phase
(310 My). The Silurian metamorphic formations have been
recognised in both easternwards and westernwards sides of
the Chaves basin. The most recent formations are Miocene-
Pleistocene sedimentary series (lacustrine, alluvial, detritic,
etc.). These formations show variable thickness along the
basins. Extensive neo-tectonic features were originated by
Alpine Orogeny. These events were responsible for the for-
mation of several low-entalphy hydrothermal fields.

3. Electromagnetic Survey
3.1 EM34 data

The EM34-3 system consists of two coils: one is the
transmitter and the other one is the receiver. The transmit-
ter is energised with an alternating current at a specific fre-
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Fig. 1. General view of the NE Portugal and location of the surveys. F1-Chaves-Verin fault; F2-Vilarelho da Raia fault; a-Granitic formations;
b-Metasediments; c-Portugal-Spain boundary; d-geologic limits; e-fault; f-fault probable. Springs: 1-Vilarelho da Raia; 2-Chaves; 3-Vidago and
4-Pedras Salgadas.

quency. Usually three frequencies are used seeking for dif-
ferent investigation depths. The primary magnetic field gen-
erated from the transmitter induces current in the subsurface.
These currents generate a secondary magnetic field, which is
detected, together with the primary field, by the receiver coil
(see, e.g., McNeill, 1990). There are two main modes of op-
eration: in the first mode (horizontal dipole mode, HDM)
both coils, the transmitter and receiver, are located verti-
cally; in the second mode (vertical dipole mode, VDM) the
coils lie horizontally, on the surface.

Electromagnetic profiles (using the EM34-3 equipment)
were carried out around the Vilarelho da Raia spring (in an
area of approximately 2 km2) to outline shallow conductive
structures probably connected with local water circulation.
The results of such a study are also important in the future

delimitation of a protected zone from contamination. In fact,
zones around the natural spas are used for agricultural activ-
ities and cattle-raising. It’s well known that pollutants gen-
erated from these activities are mainly transported through
surface water. It is then very important to protect the aquifer
from those waters. The most efficient and economical way
to do that is to make use of the natural overburden (when
present) in order to reduce or eliminate the transport of pol-
lutes through the aquifer. Therefore, characteristics of the
overburden are important and were one of the goals of the
work presented in this paper.

The data was acquired along eight north-south profiles
with an intercoil spacing of 40 m. The distance between
measurement points was also 40 m. At each site two mea-
surements were made using both, horizontal and vertical
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Fig. 2. EM34 field data from horizontal and vertical dipole mode (HDM and VDM, respectively). The location of the water springs is marked by triangles.

dipole mode. The topography of the surveyed area is flat
at a level of 350 m.

The measured conductivity maps for vertical and hori-
zontal coils are shown in Fig. 2. Taking into account the
used intercoil spacing the data reveals the influence of the
structures lying in the uppermost part of the subsurface (50–
60 m). A more conductive NE overburden is revealed by the
surveys. The main conductivity contrasts, roughly W-E to
NW-SE oriented, were interpreted as the shallow expression
of faults affecting the sedimentary filling of the basin.
3.2 Interpretation

Usually the interpretation of the EM34-3 data is qualita-
tive. One-dimensional modelling or inversion is, however,
possible. In this paper a quasi-three-dimensional inversion
of EM34-3 data was used (Monteiro Santos et al., 2001).
A mesh of prismatic blocks centred at each measurement
point, as is usual in three-dimensional modelling, make up
the earth model. The program inverts all the data set jointly,
using the cumulative response (see McNeill, 1980) approach
at each site of the grid of measurements to calculate the
forward response and derivatives. Spatial smoothness con-
straints are introduced during the inversion procedure in or-
der to construct a conductivity model, which represents the
main features contained in the data (Sasaki, 1989).

The least square solution of such a non-linear smoothing
problem is:

δp = (JT J + λCT C)−1JT (d − y).

Here p is the vector containing model parameters, y is
the vector containing the response of the model (apparent
conductivity), d represents the observed data set and J is
the sensitivity matrix. The elements of the matrix C are
the coefficients of the approximate value of the roughness
in each model block (see, e.g. Sasaki, 1989 for details).

Although the final result obtained applying such a method
is only a rough approach of a three-dimensional model and,
for this reason it is designated as quasi-three-dimensional
model, it can be very useful in the global interpretation of
surveys.

From the field data, two input grids (12 × 27 points) were
generated using a kriging algorithm. The final model (972
blocks) is shown in Fig. 3 as horizontal slices at depths of 10,
20 and 40 m. The responses of the quasi-three-dimensional
model are shown in Figs. 4(a) and (b). The final fit, be-
tween field and calculated data is quite good, taking into
account the approaches used. The conductivity distribution
obtained shows relative high-conductivity zones (15 to 20
mS/m) in an almost uniform medium with conductivity less
than 9 mS/m. The overburden is more conductive in the NE
part of the survey. This area corresponds to clay-rich sedi-
ments with significant water content. In depth, the conduc-
tive features are mainly concentrated around the spa zone. It
is not possible, however, to correlate directly the pattern of
the conductive zones with known or probable faults. There
is only a slight indication of an E-W preferential direction
of the conductive zone in the spa area.
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Fig. 3. Horizontal slices (at depths of z = 10, 20 and 40 m) of the quasi-three-dimensional model obtained from EM34 data inversion.

In terms of aquifer protection it must be noted that the
aquifer is not well protected except in the NE area. In fact,
the overburden is thin in the major part of the surveyed area
and the electrical conductivity of the zones corresponding to
the granite formation (7 mS/m in average) indicates that this
is a very fractured massif. Applying the Archie’s law (with
an exponential of −2.35, for fractured media (Astier, 1982),
and a water resistivity of 4 ohm m (Marques et al., 2000) a
porosity of 20% is estimated for the granite.

4. Self-Potential Survey
4.1 SP data

The self-potential method (SP) is based on measurements
of the steady state and natural potentials existing on the
ground surface. There are several mechanisms that can
generate such potentials: thermoelectric, electrokinetics and
electrochemical. Among these mechanisms, electrokinetics
is the most probable in the Vilarelho da Raia zone. Taking
this in consideration the magnitude and the distribution of
the SP potential at surface can provide useful information of
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Fig. 4(a). HDM and VDM model response of the model shown in Fig. 3.

Fig. 4(b). Comparison between HDM (solid triangles) and VDM-data (solid diamonds) and model responses (open symbols) for one profile crossing the
anomalous zone in N-S direction (at the E-W co-ordinate of 830 m).

the underground flows. The SP surveys were carried out in
two different times: in March and in May of 1999. The two
SP areal surveys are displayed in Fig. 5. The SP measure-
ments were made accordingly to the gradient method, alter-
nating the leading and following electrodes in order to can-

cel the electrode polarisation every two field measurements.
The measurement sampling interval was 50 m. Pb-PbCl2
electrodes have been used in association with a digital volt-
meter with 1 Gohm input impedance. One of the measured
points (marked A in Fig. 5) was used as reference (poten-
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Fig. 5. Self-potential map around the natural springs (Facha and Filha da Facha). Small circles represent the measuring points; A is reference point chosen
for SP; dashed line represents probable fault; P-1 and P-2 are the location of two SP profiles; triangles-water springs.

tial equal to zero). Thus all the points have been attributed a
potential value with respect to A.

Although time variations of the SP anomalies (ascribe to
variable weather conditions) are detected in the southern
part, a clear pattern is observed: a roughly E-W oriented
SP gradient can be noted. This feature can be related to
electrokinetics phenomena occurring along a NWW-SEE to
E-W fault.
4.2 Interpretation

Following Fournier (1989), the SP anomalies were con-
sidered as having their source on the aquifer interfaces.
The theoretical bases of the modelling method are fully ex-
plained in the paper by Fournier (1989). Therefore, we only
refer the main lines of the fundaments of the method. Ac-
cording to Fitterman (1978), in a steady state regime, the
density of current j can be defined as the sum of a conduc-
tive current and a convective current:

j = −σ(∇V + C∇H).

σ is the electric conductivity, ∇V is the electric field vec-
tor, ∇H the hydraulic gradient and C the electrokinetics
coupling coefficient. Assuming that the ground can be di-
vided into several zones of homogeneous properties and no
current source except electrokinetics phenomena, we have
(Fournier, 1989):

div j = 0

j = −σ grad ψ

ψ = V + CH

where ψ represents the total electric potential. Through the
interface between two homogeneous zones the conductivity

and the coupling coefficients can change, but V , H and the
normal component of the total current are continuous, i.e.,

σ1
∂ψ1

∂n
= σ2

∂ψ2

∂n
ψ2 − ψ1 = −(C2 − C1)H.

Assuming that the conductivity is constant through the
interface, the total electric potential at surface is (Fournier,
1989):

ψ = C1 − C2

2π

∫∫

S
H

r · n
r3

ds.

This method was used to interpret the gradient observed
in the central part of the survey, which may correspond to a
fault, as slightly suggested by the EM survey.

The SP values observed in two profiles, acquired at two
distinct times are shown in Fig. 6. The pattern of these
curves are similar to those obtained in the limit of an aquifer
(Fournier, 1989). Following this point of view the detected
fault would be the upstream limit of the southwards aquifer.

The depth of the basement of the aquifer (150 m) was
chosen based on the interpretation of the geological-log ob-
tained from a well drilled close to the spring. There are not
too much published values of C in the literature. This co-
efficient depends on the conductivity of the fluid and on its
dynamical viscosity. Dielectric constant and zeta potential
at the rock/fluid interface are also parameters with influence
on C . Ogilvy et al. (1969) showed that for natural waters
small values of C are expected. The conductivity of the wa-
ters in the area is significant (2100 to 3050 μS/cm, Marques
et al., 2000). This high conductivity of the water contributes
to decrease the coupling coefficient. Using the equation pre-
sented by Fournier (1983), which give C as function of the
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Fig. 6. A) SP profiles P-1 and P-2 (see Fig. 5, for location) and theoretical responses (solid and dashed lines) obtained from the model shown in B).
Geoelectric model used in the calculation of the SP responses shown in A). Wt represents the water table; C1, C2 and C3 are the electrokinetics
coefficients.

water resistivity, C = 0.309 ρ0.91
w (C in mV/m and the wa-

ter resistivity ρw in ohm m) one obtain C ranging from 0.92
to 1.29 mV/m. However, the high permeability of the rock
increases the coefficient (Pozzi and Jouniaux, 1994). In this
work the following values for the coupling coefficients were
assumed; C1 = 0 mV/m in the desaturated zone (the SP po-
tential produced in this zone can be neglected); C2 = 1.25
mV/m in the satured one and C3 = 1.50 in the basement.

Figure 6 shows the responses calculated using the method
proposed by Fournier (1989) and taken the values of P/K =
5 × 10−3 for the profile 1 (acquired at the end of the winter
season) and equal to 3 × 10−3 for the profile 2 acquired two
months later. Here, P is the efficient rainfall and K the
permeability. Comparing the theoretical SP anomaly with
the observed one we can conclude that the main features of
the data are well represented in the model response. There
are two hypotheses to interpret the narrow anomaly located
at co-ordinate 1500 m, mainly in the profile 2. This feature
can be due to the influence of the water exploitation well
located in neighbourhood of the profile or it is due to the
effect of the water circulation in the NWW-SEE fault.

5. Conclusions
Electromagnetic and SP surveys were used in delineat-

ing the shallow structures associated to the main mineral
water spring in Vilarelho da Raia area. According to iso-
topic data (Marques et al., 2000) the recharge area of the
aquifer is located in Larouco Mountains (NW of the studied
zone). During its long residence times (times in excess to
50 years are indicated by the low tritium levels (Marques et
al., 2000)) and shallow circulation levels (as indicated by the

low issue temperature of these waters), the waters were min-
eralised by water-gas-rock interactions in a low-temperature
environment (coherent indications derive from the high CO2

content of these waters). The EW fault system that devel-
ops from the Larouco Mountain towards Vilarelho da Raia
area might control the regional circulation of these waters,
while local structures (mainly in NW-SE and NNE-SSW di-
rection) create the necessary conditions for their ascent to-
ward the basin generating a shallow aquifer.

The EM34 results allow the estimation, even in a prelim-
inary way, of the porosity of the fractured massif, as well
as, its protection from superficial pollution. The model indi-
cates that the clay overburden is thin (except in the NE part
of the survey) and seems not enough for a good protection
of the aquifer.

There are some difficulties in the correlation of our EM34
model features with faults. Nevertheless the use of the SP
method allow the detection and characterisation of the fault
associated with the upflow of the water in the spring area.
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