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Resumen

Hay alrededor de 175 minas abandonadas en
Portugal, de las cuales unos 60 son antiguas
explotaciones de uranio. La mina de uranio
Castelejo estd ubicada a unos 2 km al W de
Vila Cortés da Serra, en el distrito de Guarda,
en la cuenca del rio Mondego. En términos
geoldgicos, la mina se localiza en un granito
de grano medio e dos micas con tendencia
porfiroidal. La explotacion comenzé con dos
minas a cielo abierto entre 1979 y 1990, que
produjeron alrededor de 132 toneladas de
U,O,. Desde 1992, la produccién comenzé a
llevarse a cabo a través de la lixiviacion in situ
con H,SO, de materiales de bajo contenido en
uranio. La circulacién de las aguas superficial
y subterranea estd estructuralmente condi-
cionada por la fracturacion intensa en la zona.
Dos campafas geofisicas de exploracién se
llevaron a cabo a fin de caracterizar el sistema
de fracturas. La primera fue una investigacion
con el método VLF que nos permitié identificar
los principales sistemas de fallas que pueden
proporcionar rutas para el flujo de las aguas
subterraneas. A partir de la segunda campafia,
que fue un estudo llevado a cabo con el
método RMT en una caja de falla que reproduz
o gradiente natural de la mina, se obtuvieron
las resistividades y espesores del material de
granito intemperizado. Los perfiles obtenidos
muestran que la resistividad disminuye con el
aumento de profundidad.

Este aspecto puede deberse a causas naturales
- el material que llena la caja de falla es mas
intemperizado en profundidad que en la
superficie - o puede indicar contaminacién en
profundidad, debido al drenaje acido de las
minas.
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Abstract

There are about 175 abandoned mining sites
in Portugal, of which about 60 are old uranium
workings. The Castelejo mine is an old uranium
located about 2 km W of Vila Cortés da Serra,
in Guarda district, on the River Mondego
basin. In geologic terms, the mine is located in
medium-grained two-mica monzonitic granite,
with porphyroidal tendency. Exploitation started
with two open cast mines between 1979 and
1990 which produced about 132 tonnes U,O,.
From 1992, production started to be carried
out through the in situ H,SO, leaching of the
mine’s low-grade materials. The superficial
and groundwater circulation are structurally
conditioned by the intense fracturing in the area.
Two exploratory geophysical field campaigns
were conducted in order to characterize the
fracturing. The first was a VLF survey that
allowed us to identify major fault systems that
may provide paths for groundwater flow. From
the second campaign, which was an RMT survey
conducted at a fault gauge which records the
mine natural gradient flow, we obtained the
resistivities and thicknesses of the weathered
granite material. The profiles obtained show
that resistivity declines with increasing depth.
This fact may arise from natural causes - the
material which fills the fault gauge is more
weathered at depth than on the surface - or
it may indicate contamination at depth, due to
acid mine drainage.

Key words: geophysical surveying, fissured
aquifer, mine water, VLF, RMT-R.
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Introduction

The activities developed by mining are,
from the very start of operations, capable of
degrading the surrounding environment and
causing major environmental modifications,
unless they are properly monitored and then
controlled in accordance with the data gathered
from the monitoring.

Main modifications to the environmental
balance generally result from digging a part of
the land surface, as well as from the production
of deposits of varying kinds of waste and /
or sterile minerals (tailings) and from the
chemical products used in ore separation /
purification (Younger et al., eds, 2002). All
these modifications cause hydrological and
hydrogeological impacts (on superficial and
ground water), geochemical impacts (on
sediment, ground and alluvium) and biochemical
impacts (on living beings) (Lottermoser, 2003).

The characteristics and consequences of
these impacts diverge according to when they
are produced, and they can cause sporadic and
/or diffuse pollution.

Sporadic pollution occurs when the mine
is being worked; if there is a control system
in operation (monitoring) the pollution can be
prevented from spreading.

Diffuse pollution tends to occur once a mine
has been abandoned. As a rule (Rapantova et
al., eds, 2008) when a reasonably long time
is spent on closing down a mine there is no
longer any concern with monitoring, which is
only undertaken when it is active.

This attitude disregards possible subsequent
risks to the closed down mine without taking
any type of prevention to forestall them, and
therefore it contributes to the propagation of
the contamination.

The environmental liabilities of mining
are expressed, as a rule, by the incidence of
abnormal (very high) concentrations of heavy
metals in the sediments, ground and alluvia, as
well as in the water within the area of influence
of this activity (Rapantova et al., eds, 2008).
The presence of these elements is essentially
due to the leaching of the materials inside the
mine and to erosion and leaching processes
acting on the tailing materials extracted from
the mine (Younger et al., eds, 2002). In fact, in
open cast mining these elements are vulnerable
to the action of the wind and the rain, which
are their main vehicles of dissemination.
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In many cases of mine exploration, the
action of the water over the tailings and other
mine wastes causes a phenomenon known as
acid mine drainage (AMD). This phenomenon
particularly occurs in metal ore workings
in which sulphide is exposed to oxidating
environments, or when acid leaching from
poor ore with a view to its concentration and
subsequent recuperation occurs (Lottermoser,
2003). When the mine is definitely abandoned
and if the evolution of the characteristics and
the processes of environmental alteration are
not controlled the ominous consequences will
get worse as years go by. One of the best-
known is the contamination of the surface
water and groundwater, which occurs both
during the phase of functioning and after the
mine’s closure.

The hydrogeological impact is a serious
problem in almost all underground mines and
in open cast mines, too. A series of measures
can help to avoid or reduce this contamination.
Thus, when the mine is abandoned it is
essential to have the most accurate knowledge
possible of the hydrogeology, the geology, the
mineralogical composition of the materials,
and the method of extracting and processing
the ore to enable the prevention, correction
and mitigation of environmental degradation
caused by the operation.

The method used to decommission a mine
directly influences the local hydrogeological
conditions. In conjunction with the operation
there are often problems of mining subsidence,
which occurs because methods of dismantling
are used that do not consider the full extent of
the galleries.

When in operation we can see, in brief, the
following effects:

- Differential settlements

- Fractures on the ground

- Lowering of groundwater levels

- Reduced flow of aquifers or even their
exhaustion

- Contamination of water.

It can be said that during the course of
its history Portugal several times gained
importance for major mining, and it is even
one of those countries in which mining carried
out by Romans is well documented (Ferreira,
1971; Carvalho et al., 1971).

From north to south Portugal 55 Roman
mining operations were recorded, and we
think there were others that have not been
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surveyed. They were mostly for gold and
several remained in operation until very recent
times (Nunes, 1983).

Identification of fracturing

Geophysical surveying has long been used to
characterize fracturing in various geological
formations. Particularly in mining areas, where
fractures are often related to mineralized veins,
the joint use of geophysical and other methods
enables one to characterize the ore potential of
an area of interest (Kearey et al., 2002).

Geophysical surveying today has a very
broad range of applications: from mining to
civil engineering, through archaeological,
environmental, geological and hydrological
investigations to aquifer characterization.

In addition to obtaining different kinds of
information of geological interest and detecting
geological structures that may contain water
(e.g. faults and fractures), geophysical
surveying is also used to map and monitor
the presence and behavior of contaminants
in groundwater, ranging from saltwater
intrusion in coastal aquifers to the presence
of contaminants from mining, industrial or
agricultural operations (Kearey et al., 2002;
Oliveira, V., 2010).

Several geophysical methods can be
applied to characterize soil and groundwater

contamination, particularly those using
ground-penetrating radar (GPR) devices,
magnetometers or conductivimeters (Daniels
et al., 1995; Milson, 2003).

Using more than one surveying method
improves the accuracy of interpretations, so
as in the work described here, it is possible to
geologically characterize the suspected area of
contamination using one method and to adopt
another to detail its intensity and spread. In this
study we use two electromagnetic methods,
adapted and refined at the University of
Neuchatel, where they are starting to be used
in the characterization of karst discontinuities
(Thierrin et al., 1988; Turberg et al., 1992).

Risks associated with abandoned U mining
sites

Some of the risks associated with abandoned
uranium mining sites are usually identified
through an ecological and human risk-
assessment process. In general terms, once
the ore has been milled it becomes yellowcake,
a U,0, concentrate, through a series of
processes that include crushing, leaching,
drying and filtering the initial material.

The composition of the tailings produced over
all these processes is represented in Table 1.

Tailings pose several risks and threats,
some of which are (see Figure 4):

Table 1. Properties of uranium mill tailings (adapted from USEPA 2007).

Type of tailing Size (pm)

Composition

Sand 75 - 500

SiO, plus = 1 weight % Al, Fe, Mg, Ca, Na, K, Se, Mn,

Ni, Mo, V silicates and metal oxides;
approximately 0.004-0.01 weight % U,O;
with H,SO, leaching process: 26-100 pCi 2*°Ra/g
and 70-600 pCi 2*°Th/g;

Slime 45 - 75 Si0, and Na, Ca, Mn, Mg, Al, Fe silicates
and metal oxides;
Concentration of U,0, and ?*Ra = 2 x
concentration in sands;
with H,SO, leaching process: 150-400 pCi
226Ra/g and 70-600 pCi 2*°Th/g;

Liquid = with H,SO, leaching process: pH 1.2-2.0;
Na+,NH,+, SO,?-, Cl-, PO, 3-;
dissolved solids = 1 weight %;
approximately 0.001-0.01 weight % U,O,;
20-7500 pCi 2?°Ra/l and 2000-22000 pCi 23°Th/I;
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a) Radon exhalation

Radon (%*?Rn) is a dangerous radioactive
gas which migrates to the surface of a tailings
pile through a process of diffusion and is then
released into the atmosphere.

One of the most feared characteristics of
Rn is the danger that it poses to the lungs
if inhaled. According to USEPA (2007), Rn
can affect the health of people living many
kilometers from a tailings pile.

b) Gamma radiation

The radioactivity present in the tailings,
mainly due to the uranium decay products
of radium (?%®Ra) and thorium (?3°Th) can
be harmful to those directly exposed to the
emitted radiation.

c) Dust blowing

The action of the wind over the tailings
causes dust blowing. Dust blowing can spread
many kinds of contaminants in the air. This risk
worsens after the closure of the mine, as the
tailings materials dry out.

d) Dam failure

Dam failure, although rare, might be caused
by anthropogenic or natural factors. Among
the former, bad conception or design of the
dam can be blamed while natural disasters -
earthquakes, rainfall, snowfall or flooding are
examples of natural causes.

e) Seepage

Groundwater contamination may be a major
problem when considering the risks associated
with uranium mill tailings.

In fact, there is a strong relationship
between the geological environment of the
mine and its surroundings and the migration
of contaminants to the aquifer, as we can also
see in this study.

The hydrology of the site is also crucial,
along with the chemistry and type of the tailings
(sand, slime or liquid and their composition,
see Table 1 for details). The soil composition
and the characteristics of the mining processes
(e.g. underground or surface mining, use of
acid leaching) are likewise important. The acid
leaching poses an additional problem related
to the increased solubility caused in some
products, thereby facilitating their migration to
groundwater.

f) Other risks

Among the risks not illustrated in Figure 4,
the improper use of tailings must be mentioned.
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Actually the use of sandy tailings as building
materials raises the danger of radiation
exposure for the inhabitants of such buildings.

Study Area
Current situation in Portugal

In Portugal there are about 175 abandoned
mine workings, dozens of which are currently
undergoing environmental restoration. About
60 are former uranium mines, which are for
the most part located in very intense fractured
zones.

1907 is the year of the discovery of the
Urgeirica uranium-radium deposit. Only radium
was exploited until 1944, when the exploitation
and production of uranium began, which had
place in Urgeirica until the operation was closed
in 2001 with the ending of processing of ore.

The uranium workings were abandoned
with the decline of its economic and strategic
interest, and the last mines of this radioactive
metal were closed in the early 1990s.

The present work concerns an old mine site
at Castelejo, an ancient uranium exploitation,
located about 2 km W of Vila Cortés da Serra
in Gouveia municipality, Guarda district, and
connected to the Mondego River basin through
the Paco Stream (Figure 8-B).

At present, the area is being environmentally
rehabilitated by the Portuguese state-owned
enterprise charged with the environmental
rehabilitation of old abandoned mining areas.
Exploitation started with two open cast pits
(now both flooded) between 1979 and 1990
which produced about 132 tonnes of U,O,.
From 1992 up to 1997 production started
to be done through in situ H,SO, leaching of
the poor material taken from the mine itself,
as well as that from other workings located
nearby. This latter process was responsible for
the production of (more or less) a further 22.5
tonnes U,0,.

The coordinates of the central point of
the mine, located between both open skies,
referring to the Unified European Reference
System (ED50) are: latitude 40° 33" 20”N and
longitude 7° 33’ 5”"W (Figure 8-B).

Geology

Mainland Portugal is formed by an ancient and
hardened core, usually called the Hercynian
Massif, part of the so-called Hesperian Massif,
and by land coverage (Figure 1-A and B).
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Figure 1. a) Paleogeographic and tectonic zones of the Hesperian Massif. Adapted from Ribeiro et al. 1979.
b) Major hydrogeological units of portuguese metropolitan territory. Adapted from SNIRH, Instituto da Agua, 2009

The Hercynian Massif comprises ante-
Mesozoic lands, and consists of sedimentary,
eruptive and metamorphic rocks (Ribeiro et al.,
1979).

The land coverage includes sedimentary
and some Meso-Cenozoic eruptive rocks which
form the western and southern edges of the
country, as well as modern deposits, consisting
of alluvial flood plains and different beach
levels, which result from various basins of
sedimentary filling (Teixeira, 1966; Ribeiro et
al., 1979; Figures 1-A and B).

The Hesperian Massif is crossed by the
Central Cordillera, a ENE-WSW lying mountain
range, which divides it into two: the north
Meseta (Meseta signifies Little Table, so the
expression has an essential geomorphological
meaning) with an average altitude of 800
meters, and the south Meseta, with an average
altitude of about 400 m.

The formations that form the Hesperian
Massif, mainly schists, granites and graywackes,
suffered the action of Caledonian, Hercynian
and Alpine orogenies, although the Hercynian
orogeny is the one whose effects are better
documented here.

In the Iberian Peninsula, the Hercynian
orogeny began in the Middle Devonian and
continued until the Late Carboniferous period
(Ribeiro et al., 1979).

Although it has developed over several
stages, two main phases can be distinguished
(dated by the presence of unconformities in the
outer zones or by radiometric dating of certain
granites (Aradjo, M.A. (2002); Abranches,
M.C.B. et al. (1982)):

- First one, which ran from Middle Devonian
to Visean

- Second, a phase dating from Westphalian.

The orogenic actions caused folding
in a general NW-SE orientation, as well
as synorogenic magmatism and regional
metamorphism.

Between the Late Westphalian and Late
Permian periods the Hercynian chain suffered
uplifts, the results of erosion and post-tectonics
intrusive actions, mainly consisting of alkaline
and calc-alkaline granitoid rocks, which gave
rise to considerable filonian mineralization.

The last stages of Hercynian orogeny
induced intense fracturation in the Massif,
causing various movements of uplifting and
sinking.

During the Cenozoic era the Hesperian Massif
suffered fracturation again, now predominantly
in the NE-SW direction, as a result of the Alpine
orogeny actions that occurred (Ribeiro et al.,
1979).
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In geological terms (see Figures 2 and
3) the Castelejo mine is located in medium-
grained two-mica monzonitic granite, with
porphyritic tendency.

Various granitic intrusions occurred in the
late Hercynian age (the mineralizations that
occurred are related to quartz veins and usually
consist of uranium phosphates - torbernite,
autunite and sabugalite - secondary minerals
derived from uraninite and other uranium
weathering product compounds).

The distribution of U in Portugal
Most known uraniferous deposits lie in

central Portugal, in the region covered by
the four districts (a district corresponds

to an administrative territorial division) of
Viseu, Guarda, Coimbra and Porto, although
the largest number of mining operations are
concentrated in the first two districts (which
are, in general terms, presented in Figure 2).

The uranium deposits are related to post-
tectonic Hercynian magmatism, usually in the
form of monzonitic granite intrusions, medium
to coarse-grained, two-mica and having a
porphyritic tendency.

They usually lie in a NE-SW direction. Most
deposits are related to quartz veins installed in
fractures in granites.

There are various opinions about the
genesis of uranium deposits. In brief, most
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Figure 2. “Beiras Uraniferous Region”. On the map of Portugal (left), the Castelejo mine locates at the red
rectangle (adapted from Ferreira, 1971).
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Porphytitic meditim grained granite;

Not porphyritic, fine to medium grained granite;

Basic rock veins;

Figure 3. Castelejo mine geological setting

authors (Cerveira, A., 1951; Neiva, J.M.C,,
1995) albeit with slight variations, considered
primary deposits as coming from hydrothermal
deposits, while the secondary deposits -
impregnation deposits - are considered
as coming from the leaching of the first
and subsequent precipitation in favourable
structures.

Scope of the study

The superficial and groundwater circulation
is structurally conditioned by the intense
fracturing in the area (Teixeira, C. et al., 1967).
To characterize the fracturing, two superficial
geophysical exploration field campaigns were
conducted. The first consisted of a very low
frequency (VLF) survey that enabled the
identification of major fault systems that may
constitute prime pathways for groundwater
flow. The second campaign was a radio

magnetotelluric (RMT) survey conducted at
a fault gauge fulfilled with weathered granite
material. This fault gauge collects the mine’s
natural gradient flow, and from the survey we
have obtained the resistivities and thicknesses
of the weathered material.

EDM, the Portuguese  state-owned
enterprise, in charge of the environmental
rehabilitation of the old abandoned mining
areas, has been monitoring several water
points (wells and piezometers) located in the
vicinity of the old Castelejo mine on a more
or less regular basis since 1991. However,
the collected data are difficult to process
since neither the piezometer geometrical
characteristics nor its depths of abstraction
are known. Besides, data collected over time
vary both quantitatively as qualitatively, which
makes data analysis difficult.
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Furthermore, the collected data relate to
two different realities — dug wells and drilled
wells - and it is reasonable to apply them a
conceptual model based on the supposition
that they concern two equally different
aquifers: a porous aquifer located near the
surface, in the superficial zone of granite
weathering, taken as an unconfined aquifer
and shown up by countless flooded zones and
superficial abstractions detected in the field,
and a fissured aquifer, located under the first
one in a deeper fractured rock zone, taken
as a confined aquifer (Afonso, M.]J.C. 2003;
Carvalho, ]J.M., 2006).

Therefore, in view of the hydrogeological
characterization of the former mining area and
the identification of main drainage pathways,
supplementary data was needed to enable us
to confirm (or not) the layout of the several
unpublished reports. For this, two geophysical
surveys were undertaken, using two different
geophysical methods. This was intended to
supplement the information obtained in each
campaign.

main fractures identified in the initial study
performed, which was based on photogeological
analysis of the studied area.

Materials and Methods

Bases and methods
It is common to be faced with problems
of several orders when approaching the

hydrogeological study of fractured rocks with a
view to their hydraulic characterization.

radon-exhalation gamma-radiation

tailings

dust blowing
.‘ 'Y "}( {radium, arsenic....)
T
PY 44
r

In the case of granitic rocks, in particular,
which, when fresh, are practically impermeable
to water, it is well known that its secondary
porosity, namely due to several physical
processes, can very often play a determinant
role in water circulation.

The circulation of the water in this type of
rock prompts a fundamental question, which
is linked to the identification of the fractures
from where the drainage can proceed: these
fractures are not always easy to identify,
bearing in mind the thickness of the covering
layer that sometimes overlies the rock (Afonso,
M.J.C. 2003).

So, we need to resort to indirect survey
methods that enable us to identify any
abnormalities of hydrogeological interest.

The methods used in the current work are
very low frequency - electromagnetics (VLF-
EM) and radio magnetotelluric - resistivity
(RMT-R). Both methods are based on radio
waves from low frequency to very low frequency
- from 12 kHz to 300 kHz in both methods -
which are emitted by antennas located all over
the world (Thierrin, J. et al., 1988; Turberg, P.
et al., 1992; Turberg, P., 1993).

These waves also propagate in the
basement, with the depth of penetration of
their generated primary field being given by :

/p
P =503, ==~ 1
7 (1)

dam failure

2V

erosion
flood
earthquake
heavy rain

seepage

(uranium, arsenic,...)

groundwater

7
2%

Figure 4. Some ecological and
human risks associated with uranium
mill tailings (adapted from http://
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where :

P - depth of penetration of the primary field
generated by the radio waves (m)

p, - apparent resistivity (ohm.m)

F - wave frequency (Hz).

But these waves also give rise to a secondary
electromagnetic field, which depends on the
nature of the material crossed and can be
detected at the surface (Thierrin, J. et al.,
1988; Turberg, P. et al., 1992). Consequently
the resultant electromagnetic field consists of
the sum of the primary and secondary fields,
which are distinguished by intensity, phase and
direction.

VLF-EM Method

With the VLF-EM method, special, well-
adjusted devices make use of one horizontal
axis coil to measure the intensity of the primary
electromagnetic field (Hp), while the intensity
of the secondary field (Hs) is measured through
one vertical axis coil.

The equipment wused was specifically
developed for hydrogeological purposes by Prof.
Imre Miller, of the Centre of Hydrogeology of
the University of Neuchatel (Muller, 1., 1983).

It differs from commercial appliances since
it continuously registers the variation of the

signal. The joint use of a data logger and a
GPS secures the right location of registered
anomalies (Mdller, 1., 1983; Thierrin, J. et al.,
1988; Turberg, P. et al., 1992).

The vertical components are either in phase
or out of phase relative to the primary field.

The expression of the results is given by the
relation Hs/Hp %, as illustrated in Figure 5.

The method permits detection of the
presence of electricity-conducting bodies such
as faults filled with clay materials exhibiting
equally great sensitivity to other important
hydrogeologic characteristics, such as lateral
facies variations (Dill, A. et al., 1998).

The method has the additional advantage
of not requiring contact with the ground -once
the antenna is automatically oriented, it can be
used manually or installed in vehicles.

RMT-R Method

The RMT-R method measures the electric
field, E_, in the direction of propagating radio
waves (e.g. in the emitter antenna direction).
The electric field is measured between two
electrodes inserted in the ground at a certain
distance from each other (in our work this
distance is 5 meters).

Figure 5. Basis of VLF-EM method, adapted from Turberg and Miller (1992) Reproduced from Dill et al. (1998).
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The RMT-R method also measures the
magnetic field, Hx , which is measured through
a coil whose horizontal axis is normal to the
emitter antenna direction.

The apparent resistivity, p,, results from the
application of equation (2):

2

E 1

X

Pe= "0 2m F (2)

y

where:

E - electric component of the resultant field
(Volt/m)

Hy - magnetic component of the resultant
field (Ampere/m)

U, - permeability of free space (Henry/m).
F - wave frequency (Hz).

This method also measures the phase-
shift, ¢, between the electric and magnetic
components. The phase-shift enables inference
of the stratigraphic characteristics of the place
under study: there will be a conductive layer
over a resistive one if ¢ < 459 , there will be a
resistive layer over a conductive one if ¢ > 459,
and the medium is considered homogeneous if
¢ = 450 .

Given the fact that emitter antennas being
located far apart from the receiver device, we
could consider all directions of propagation as
essentially parallel, which in practice reduces to
only one direction. Once the device allows the
simultaneous measurement of 4 frequencies,
we can interpret it as supplying information
from 4 depths (see Figure 6). An inversion
program (FITVLF2) for the personal computer
was used to obtain the real resistivities and the
thicknesses of the layers traversed. Although
its description is beyond the scope of this
article, detailed information about the method
of inversion and its implementation can be
found at Fischer, G. et al. (1981), Fischer, G.
(1985) and Thierrin, J. (1992).

Since it is a quick method that enables
measurements (soundings) to be taken
at 5 m intervals it allows the detection of
heterogeneities, and it is possible to infer
the permeability of the formations from their
resistivity values, although this has not been
done in the present study.
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Multidirectional soundings can also be
carried out to get information about the
anisotropy of the studied medium.

Results and Discussion
VLF-EM

In Figure 8 we present a photographic map of
the places surveyed by VLF-EM method.

The marked points show the paths walked
along and color gradation indicates that the
relation Hs/Hp % is (the deeper the color, the
stronger the relationship Hs/Hp %):

- red color - positive Hs/Hp % relationship;

- blue color - negative Hs/Hp % relationship;

- white color - near zero Hs/Hp %
relationship.

All profiles were carried out at 16 kHz
frequency and some important conclusions can
be drawn from their interpretation (see Figure
8).

Very negative or very positive values (Hs/
Hp <-40 % or Hs/Hp> 40 %) correspond to
measurements taken under the influence of
high tension power lines and so they must
not be considered. Negative Hs/Hp % values
are usually related to major resistivity layers,
whereas positive Hs/Hp % values indicate
major electricity conductivity layers (for
instance, the presence of clay materials).

Successive inflections of Hs/Hp % indicate
fracture zones, the more important the greater
the registered amplitude.

In Figure 9 we present a summarized
interpretation of the obtained results, in
order to illustrate the stated above. The joint
interpretation of the VLF-EM results with
information gathered on EDM internal reports
and field reconnaissance data made it possible
to draw a map summarizing the fractures in the
studied area, from which main drainage trends
can be established (see Figure 10, wherein
places where the presence of water was noted
are marked in blue).

RMT-R

Apparent resistivity and phase difference
between the electric and magnetic fields were
measured in RMT-R survey profiles. These
profiles were defined in the sectors marked
with circles, and they were quite enlightening
(see Figures 10 and 11).
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Figure 6. Basis of RMT-R method,
adapted from Thierrin and Miller (1988).
Reproduced from Dill et al. (1998).
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Figure 7. VLF-EM method: equipment adapted to a vehicle (Castelejo mining site).
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a) ™ Figure 8. a) Start point and

end point of the seven profiles

carried out in the VLF-EM
survey

b) Photographic map of

Castelejo former mine site

RIBAMONDEGO . . .
surroundings, with profile
location where VLF-EM survey
was conducted (color variation
explained in the text; P -

P7 start Profiles).

0 2HKm

146 Vorume 53 NumBER 2



GEOFisICA INTERNACIONAL
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Figure 9. Interpretation of the

In particular, the profiles located NW of the
mining site, in the Castelejo Valley (see Figure
12), have revealed very interesting features.

After processing the obtained results using
an inversion program (Fischer, G., 1985), the
real resistivities and thicknesses of the different
layers were computed (Figure 13). Mid sector
values were calculated next.

We noted that all the profiles defined along
the Castelejo Valley exhibit a decrease in
resistivity with depth. Once we are away from
the mineralized vein, this may suggest either
more alteration of granites with depth, or a
situation of deep-contamination.

The profile P1 reproduced in Figure 13
(referring to deep pink points in Figures 10
and 11) is located near the old mining site:
resistivity values correspond to those obtained
for almost unweathered granite blocks (with

fracture zone

results of the VLF-EM survey profiles.

resistivity values > 1000 Q.m) immersed in
a weathered matrix (with resistivity values =
700 QQ.m).

On the other side, the profile P6, also
reproduced separately in Figure 13 (here
referring to light green points in Figures 10
and 11) is located along the main fault valley
near the confluence with the mine stream:
resistivity values corresponding to a situation
of very weathered rock material, decreasing
with depth.

The profiles carried out along the valley that
spreads out WNW from washing pools, indicate
that this is a fault valley, filled in with erosion
material. As before mentioned, all profiles
show a decrease of resistivity not only with
depth but also as we go away from the mine
towards the main fault valley (e.g. from P1 to
P6, see figure 12).
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Figure 10. Fracture map of the
studied area.

Figure 11 - Location

of all RMT-R profiles

performed in the

surroundings of

Castelejo mining site
(P - Profiles).
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Figure 12 - Location

of RMT-R profiles

performed in the
Castelejo Valley.

Figure 13. The profile P1 is located
near the old mining site, with resistivity
values.
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Conclusions

At the beginning of the study it was known
the situation in terms of regional tectonics,
which was known complex for being associated
with a number of episodes of tardi-Hercynian
fracturing, as well with the Alpine tectonics.

In order to better characterize the
underlying geology of the old Castelejo
mine, two geophysical surveying campaigns
were conducted at the site. Both the results
of the first campaign (VLF-EM results) and
the references consulted, particularly in EDM
internal reports, pointed to the presence of
faults and fractures which might constitute the
main pathways of superficial and underground
drainage.

In the second campaign, measurements of
RMT-R were performed to the WNW and ESE of
the centre of exploration. Apparent resistivity
and phase difference between the electric and
magnetic fields were the measured values. The
obtained values were projected graphically and
processed, after which real resistivities and
thicknesses were determined through the use
of an inversion program.

After matching the literature data with the
data obtained during field work, it was concluded
that the direction of maximum compressive
stress, s,, located NNW-SSE to NW-SE, where
extension fractures are developed, should
be the one wherein groundwater flows more
easily, since the larger openings of the fractures
provide a better flow.

However, it was not possible to establish a
direct correspondence between real resistivity
values and permeability values, which,
although outside the scope of this article, may
be relevant for v.g. hydrogeological purposes.

All profiles also reveal a singular situation
- their resistivity values decrease with depth.

This can be due to natural causes (more
weathered layers) or it can indicate a situation
of deep contamination with acid drainage
(increased mineralization).

In fact, we are in the presence of a former
uranium exploration, in which ore acid
leaching took place in a flooded open sky,
with a number of negative implications in the
surroundings, particularly over groundwater.
Treatment operations of the mine water still
occur. However, any risks to populations seem
weak, given the isolation of the area in terms
of population.
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Also the use of water seems to be aimed
to agricultural purposes rather than for human
consumption.

This point will be addressed in the future
through the implementation of a hydrochemical
monitoring plan.
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