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A B S T R A C T

In the abandoned Mortórios uranium mine area there are quartz veins containing wolframite and sulphides and
basic rock dykes with torbernite and autunite cutting a porphyritic granite. The basic rock dykes were exploited
and produced about 27 t of U3O8, from 1982 to 1988. There are an open pit lake and nine dumps. Surface water
and groundwater are contaminated in U, As, Cd, Cr, Cu, Fe, Mn, Ni and Pb. Stream sediments are contaminated
in U, As, Th and W, which are adsorbed by smectite, kaolinite and iron- and aluminium- oxy-hydroxides. The
maximum U concentrations are of 1268 μg/L in the open pit lake, 100 μg/L in surface water, 103 μg/L in
groundwater and 81.5mg/kg in stream sediments all downstream of the open pit lake and dumps. Further
downstream the U concentration in water decreases, due to the high mobility of U (VI), but the U concentration
in stream sediments increases. Calcium uranyl carbonate dominates in the open pit lake, but uranyl carbonate
complexes dominate in surface water and groundwater. The maximum As concentrations are 56.0 μg/L in the
open pit lake, 63.4 μg/L in the surface water and 66.7 μg/L in the groundwater, both downstream of the open pit
lake and dumps. The arsenic occurs as As (V). The Mortórios area is compared with two other areas exploited
from open pits, all located in the uranium-bearing Beira area of central Portugal. Vale de Abrutiga produced 90 t
of U3O8 between 1982 and 1989 and Mondego Sul produced 75 t of U3O8 from 1987 to 1991. The two mines
consist of quartz veins containing sulphides, saleeite and meta-saleeite at Vale de Abrutiga and with sulphides,
autunite, torbernite, meta-uranocircite and meta-saleeite at Mondego Sul cutting the Schist-graywacke Complex.
The mine area of Vale de Abrutiga with the highest exploitation of U3O8 has strongly acidic to slight alkaline
water, which is the most contaminated. Mortórios with the lowest exploitation presents a higher contamination
of slightly acidic to alkaline water than that of acidic to alkaline water from Mondego Sul, but the former has As
(V), whereas the latter has As (III), which is toxic. The stream sediments from Mortórios present the lowest
contamination, except for Th that has a higher median value than that from Vale de Abrutiga. Stream sediments
from Mondego Sul have higher U, Th, Pb and lower Co, Cr, Cu and Zn median values than those of Vale de
Abrutiga.

1. Introduction

The countries that produced more uranium from 2005 to 2012,
listed by increasing production, are China, USA, Uzbekistan, Russia,
Namibia, Niger, Australia, Canada and Kazakhstan. Every year the
production of uranium in these countries increased during that period

(Zammit et al., 2014). Since then, the production of uranium also in-
creased every year due to the increase in nuclear power plants and the
need for nuclear power (Selvakumar et al., 2018).

In western Europe, particularly in France, there are nearly 250
former uranium mine sites. Fifty of them are located in granitic massifs
of the Limousin region (AREVA, 2004). Mineralogical and geochemical
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transformations during incipient weathering at the surface of granitic
rock piles from former uranium mines in Limousin from over a few
decades were studied by Kanzari et al. (2017) showing that weathering
products contributed to U(VI) stabilization under oxidizing conditions.

Uranium is radiologically and chemically toxic (Oughton et al.,
2013). The biochemical toxicity of U as a metal will cause risks arising
to about six time orders of magnitude than those derived from its
radioactivity (Milvy and Cothern, 1990). Exploration of uranium mines,
ore treatments and leaching of uranium from open pits, underground
mines and dumps going towards streams, sediments and soils are
causing a significant contamination, which affects water, plants, ani-
mals and people. The abandoned uranium mine areas with relatively
high concentrations of uranium pose some risk to ecosystems and
human health. Uranium can enter through surface water, groundwater,
soil-plant-animal interactions into the food chain.

Sixty radioactive deposits have been exploited for uranium and ra-
dium in Portugal between 1908 and 2001 (Carvalho, 2014). About
4370 t of U3O8 were produced in the Uranium Portuguese Enterprise
(ENU) building close to the old Urgeiriça mine (Carvalho, 2015). Most
of the mine areas included exploitation, deposition of ores and ore
treatment. They are mainly located in the uranium-bearing Beira area,
in central Portugal (Carvalho et al., 2010). When those mine areas were
closed down they were abandoned. Later, twenty three of them were
remediated (EDM, 2017). In the uranium mine areas that were not
remediated there are dumps containing tailings, waste rocks and ac-
cumulated leach residues. Some of them also have open pit lakes, but
others were exploited underground.

This study presents an assessment of the contamination produced by
the abandoned Mortórios uranium mine area and open pit lake and
dumps on surface water, groundwater and stream sediments after the
mine was closed down in 1988. The contamination of this abandoned
mine area is compared with those produced by two other abandoned
Portuguese uranium areas, before remediation, but each one containing
an open pit lake.

2. Geology, mineralization and mine site

The Iberian Massif corresponds to the south-western extension of
the European Variscan Belt. The Mortórios uranium mine area is lo-
cated in the Central Iberian Zone, which is the innermost zone of the
Iberian Massif (e.g. Farias et al., 1987). This zone is one of the largest
segments of the European Variscan Belt. The Mortórios uranium mine
area is located in the uranium-bearing Beira area of central Portugal, in
the Guarda county, between the Marialva and Carvalhal villages, at
about 3 km NE of the later village (Fig. 1a, b). Three granites occur in
the area and intruded the Douro-Beiras Supergroup (Schist-graywacke
Complex), which corresponds to a thick and relatively monotonous
sequence of phyllites and metagraywackes (Oliveira et al., 1992a). The
Douro-Beiras Supergroup of Ediacaran to Cambrian age (e.g. Pereira
et al., 2012; Dias da Silva et al., 2014) was intruded by a syn-D3 gneissic
granite and a syn-D3 coarse-grained porphyritic granite (Fig. 1b). The
latter granite was intruded by the late- to post-monzonitic granite
(Fig. 1b). The syn-D3 granites have an emplacement age between 320
and 310Ma and the late- to post-D3 granites are 310–290Ma (e.g.
Ferreira et al., 1987; Azevedo and Aguado, 2013). The porphyritic
granite is cut by small quartz veins, which contain wolframite, pyr-
rhotite, arsenopyrite, pyrite and chalcopyrite (JEN, 1959) and also by
later basic rock dykes, probably dolerite, N30° E, 60° NW to 70° SE of
0.1 to 14m thick (Fig. 1b). The weathered basic rock dykes contain
torbernite Cu(UO2)2(PO4)2•8–12(H2O) and autunite
CaUO2(PO4)2•10–12 (H2O). In general, the uranium mineralized area
was 470m long.

The Mortórios uranium mine was exploited by the Empresa
Nacional de Urânio (ENU, SA) at the surface in six mineralized pockets
with several levels each of 3m and slopes of 60° to an average depth of
40m and with a mean of 0.18 U3O8 content. About 4.5 t of uranium

were exploited every year from 1982 to 1988 (Fortes et al., 2001).
There is an open pit lake of 250m long, 80m wide and 20m deep
containing about 126,800 m3 of water mainly accumulated by rainfall
(Fig. 1c). Mud is deposited at the bottom of the lake. One dump of
24,229 m3 has a low uranium content and pine trees grew on the top.
Three dumps consist of sterile waste and correspond to a total of 23,769
m3. There are other five dumps corresponding to a total volume of
87,734 m3 with unknown content, one of them is 20m high (Quintela,
2015). Some dumps at West of the road were used to get sand and
materials for roads and buildings (Madruga et al., 2010). The Marialva
stream runs from SW to NE, is< 100m far from the dumps, and most
likely received discharge of waste water from the mining operations
and at present receives surface drainage from the dumps during rain-
falls.

In the Mortórios area the altitudes range from 650m upstream the
open pit lake and dumps and decrease to 490m downstream, close to
the Marialva village (IGE, 1994). This area is characterized by a warm
and temperate climate with a Csb type, according to the Köppen and
Geiger classification (IPMA, 2018). The average annual precipitation
was 63mm in 2014 and 33mm in 2015. The rainfall dominates during
the wet season reaching the highest values in January of 2014
(150mm) and in October of 2015 (100mm), while the lowest values
are observed in August 2014 (5mm) and July of 2015 (1mm). The
average temperature ranged from 4 °C (February 2014) to 24 °C (July
2015) (IPMA, 2014, 2015).

The area has rural characteristics with vegetation that is dense and
mainly with herbaceous species. The most dominant species are
Castanea sativa, Quercurs pyrenaica, Ulmus minor, Prunus avium, Olea
europaea var. europaea, Pistacia terebinthus, Fraxinus angustifólia subsp.
Angustifólia, Erica arbórea, Sambucus nigra, Crataegus monogyna, Pynus
pinaster, Frangula alnus, Alnus glutinosa, Salix atrocinerea, Quercus
rotundifólia and Quercus suber trees. The herbaceous species consist of
Genista cinerascens, Leucanthemopsis pulverulenta, Rubus henriquesii,
Echinospartum ibericum, Dianthus lusitanus, Erysimum linifolium,
Halimium umbellatum var. viscosum, Biscutella valentina subsp. Valentina,
Cytisus stiatus, Cistus psilosepalus, Ulex minor and Pterospartum tri-
dentatum subsp. Cantabricum (Araújo et al., 2018). Around the aban-
doned mine, small agricultural areas occur with potato crops, vineyards
and pastures, which are irrigated by the Marialva stream and wells
located in the stream margins.

3. Water and stream sediment samples and analytical methods

Seventy water samples were collected in a total of twenty one water
sampling points of the abandoned Mortórios uranium mine area during
a hydrological year, because occasionally some points were dry. Eleven
sampling points are from the Marialva stream, two others are from the
open pit lake and eight others are from wells (Fig. 1c). They were
collected in spring (April 2014), autumn (October 2014), winter (Feb-
ruary 2015) and summer (July 2015). Waters from the Marialva stream
and the open pit lake were collected as possible about 20 cm below the
surface of the water level. Those from wells were collected between 1
and 2m below the groundwater level. The pH, oxidation-reduction
potential (ORP), electrical conductivity (EC), temperature (T) and dis-
solved oxygen (DO) were measured in situ using a multi element
equipment of Hanna Instruments. The alkalinity (HCO3

−) was mea-
sured according to the method of Brown et al. (1970). The Eh is the
ORP result +209 according to the Ag:AgCl electrode used as a re-
ference, assuming T=15 °C (Nordstrom and Wilde, 2005). The samples
were transported in polypropylene bottles within thermic arks to the
Department of Earth Sciences, University of Coimbra, Portugal. The
samples were filtered through 0.45 μm pore size membrane filters. Total
dissolved solids (TDS) and total solids (TS) were determined after
evaporation of 100mL of filtered and unfiltered water through 0.45 μm
filters, respectively. Anions were determined in non-acidified water
samples by ion chromatography with a Dionex ICS 3000 Model. Cations
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were determined in water samples acidified with HNO3 at pH 2 by In-
ductively Coupled Plasma Optical Emission Spectrometry (ICP-OES),
using a Horiba Jovin Yvon JY2000 2 spectrometer with a mono-
chromator. A laboratory water standard, duplicate blanks and the re-
petition of a water sample were analysed in each group of twenty one
water samples for quality control. The detection limits of metals and
metalloids are given in Appendix A. The precision was better than 5%,
but was of 6% for Pb, Sr and U of samples collected in April 2014, NO3

−

and As of samples collected in October 2014 and Ba of samples col-
lected in July 2015 and 7% for Cl− and Li in samples collected in April
2014. The ion balance errors from the most analytical data are better
than±10%, but six groundwater samples presented values from −16
to −27%, mainly due to lower Σ cations than Σ anions. The ion balance
errors can be accepted up to 30% if the conductivity of water is lower
than 50 μS/cm (Custódio and Llamas, 2001), as occurs in most of these
six analysed samples (Appendix A). Furthermore, the TDS values of
these six samples are low indicating low positive charge depletion
(Mathew and Samant, 2014).

A total of ten samples of stream sediments were collected in the
29th of April 2014. Two of them are from upstream of the open pit lake
and dumps, but the other eight samples are from more progressively
downstream locations of the open pit lake and dumps (Fig. 1c). Some of
them received significant surface drainage from the open pit lake and
dumps (SD3, Fig. 1c). The samples were transported in polyethylene
bags to the laboratory and dried at 40 °C. Later they were easily dis-
aggregated with a silicone hammer and they were sieved through 2mm
and 250 μm sieves for different determinations. The grain size and
textural characteristics were determined in the stream sediment sam-
ples with the highest U and Th concentrations. For determining the
grain-size distribution of each sediment sample, the percentages of
gravel (> 2mm), sand (2mm-63 μm), silt (63–4 μm) and clay (< 4 μm)
were obtained through integration of two methods: by sieving the
fraction>63 μm; and by laser diffraction analysis of the fraction<
63 μm, with a Coulter laser granulometer (2 mm-0.04 μm; precision up
to 2%). A Philips PW 3710 X-ray diffractometer, with a Cu tube, at
40 kV and 20 nA was used for the mineralogical identifications. The
mineralogical composition of the<2 μm fraction was obtained in

oriented samples before and after heating up to 550 °C and with ethy-
lene glycol treatment. The percentages of the clay minerals of each
sample were determined through the peak areas of the mineral present,
with the use of specific correction parameters. The pH was measured in
a solid-water suspension (liquid/solid ratio of 2.5) and the British
standard BS (1995a) was used. Electrical conductivity (EC) was mea-
sured in a liquid/solid ratio of 1/5 and the British standard BS (1995b)
was applied. The chemical analyses of metals and metalloids were de-
termined in stream sediment samples< 250 μm, which were digested
with aqua regia (3:1 HCl-HNO3), filtered through a 2 μm pore size filter
and analysed by Inductively Coupled Plasma Optical Emission Spec-
troscopy, ICP-OES of Horiba Jovin Yvon, model YV 2000 2 spectro-
meter with a monochromator. Duplicate blanks and a laboratory stan-
dard were included and their data were obtained at the beginning and
the end of determinations. An in-house soil, prepared with aqua regia
analysis, was validated using the certified sewage sludge amended soil
BCR 143 R. The precision of determinations was better than 4%. The
conversions of the detection limit from mg/L to mg/kg were estimated
using the following equation DL (mg/kg)= (X*0.1)/m, where X is the
DL at (mg/L) given by the ICP-OES and m is the average of heavy
masses of the samples in kg. All determinations in water and stream
sediment samples were carried out in the Department of Earth Sciences,
University of Coimbra, Portugal. The modelling of As, Pb, Th and U in
water samples with the highest concentrations of these elements was
carried out using the software Phreeq C and the ThermoChimie data-
base (Andra, 2009; Parkhurst and Appelo, 2013).

Organic matter (OM) and cation exchange capacity (CEC) were
determined in five representative stream sediment samples, two from
upstream and three from downstream of the open pit lake and dumps
and providing the highest U and Th concentrations. The organic carbon
content was determined using an elemental analyzer. CO2 was quanti-
fied by an NIRD (near infrared detector), after oxidation at 100 °C, and
CO2 was converted into C. Assuming that OM contains 58% organic
carbon (Nelson and Sommers, 1996), the organic matter (OM) was
calculated using a factor of 1.724 for the C. The precision was of 3.6%.
The CEC was determined according to the methods of Thomas (1982). It
is the sum of extractable bases and extractable acidity by the

Fig. 1. Mortórios uranium mine area and collected water and stream sediment samples. a) Location of the study area and two other U-mine areas in the map of
Portugal; b) Geological map and delimitation of the Mortórios area (adapted from Oliveira et al., 1992b and Jen, 1959); c) Location of the open pit lake, dumps and
water and stream sediment samples from Mortórios on the topographic map (adapted from IGE, 1994).
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ammonium acetate solution (pH 7), with a precision of 1.2%. These
determinations were carried out at the Department of Soils and Plants,
University of Trás-os-Montes and Alto Douro (UTAD), Portugal.

4. Results

4.1. Waters

The physical-chemical parameters and chemical results of water
samples from the abandoned Mortórios uranium mine area are given in
Appendix A. The surface water samples Mot-17 st, 18 st and 20 st and
the groundwater samples Mot-21 w, 16 w and 19 w are the re-
presentatives of the background or natural level, because they are lo-
cated upstream of the open pit lake and dumps (Fig. 1c). However, the
studied area is located downstream of two other abandoned uranium
mine areas. According to the Piper classification, most of the studied
water samples are of non-dominant-bicarbonate type. Some surface
water samples (17 st, 20 st, 3 st, 15 st, 13 st, 4 st and 7 st) and samples
from two wells (16 w and 6 w) are magnesium-bicarbonate type or
magnesium-non-dominant type. Water samples collected in July from
the open pit lake (1op and 2 op) and from the closest well (14 w) to this
lake and dumps (Fig. 1c) are non-dominant sulphate type. The pH of the
open pit lake has higher values, ranging from 8.42 to 9.23, than samples
from the surface water, with 5.29–7.93 values, and groundwater sam-
ples, with pH values ranging from 4.59 to 7.23. The Eh values range
from 125 to 495mV. The water samples were plotted in the Eh-pH
diagram (Fig. 2). Waters from the open pit lake fall in the HAsO4[2-]
field, because they have the highest pH values. Most of the other surface
waters and also groundwaters fall in the H2AsO4[−] field. The elec-
trical conductivity (EC) of the surface water samples ranges from 32 to
72 μS/cm, showing that they are poorly mineralized, which is sup-
ported by the total dissolved solids (TDS), ranging from 15 to 66mg/L.
The open pit lake has higher EC values, of 263–415 μS/cm, and TDS

values, of 206–244mg/L, than surface water and groundwater (Ap-
pendix A), indicative of some mineralization. In the surface water, the
dissolved oxygen (DO) showed the lowest value of 0.00mg/L in
summer and the highest value of 11.29mg/L in winter. The comparison
of the surface water values from samples collected upstream and
downstream of the open pit lake and dumps shows that the latter pre-
sents the highest Eh, EC and TDS values. Groundwater downstream of
the open pit lake and dumps has the highest values of pH, EC and DO
compared with the upstream groundwater (Appendix A). Groundwaters
reach the lowest pH value and the highest Eh, EC and TDS values
compared with the surface waters.

In general, SO4
2−, Al, B, Ba, Cd, Co, Cr, Cu, Mn, Li, Ni, Pb, Sr and Zn

present higher concentrations in April 2014, but Th and U show higher
concentrations in February 2015 (Figs. 3a, b; 4a, b; Appendix A).
However, the highest concentration of U was found in the open pit lake
in April 2014 (Fig. 3b) when the pH had its highest value. The open pit
lake has higher F¯, SO4

2−, HCO3
−, Na, K, Ca, Mg, Li and U con-

centrations than the surface water upstream and downstream of this
lake and dumps (Appendix A; Fig. 3a, b). The U concentration of the
open pit lake ranges between 1004 and 1268 μg/L. The highest con-
centrations of B, Cd, Cr, Ni, Pb, Sr and Zn were also reached in the open
pit lake. The surface waters from upstream and downstream of the open
pit lake and dumps were compared and showed that the highest con-
centrations of NO2

−, SO4
2−, NO3

−, PO4
3−, HCO3

−, K, Ca, Mg, Al, B,
Cr, Li, Mn, Zn, As, Th and U tend to occur in the downstream surface
water, but the highest concentration of Fe occurs in the upstream sur-
face water (Appendix A; Fig. 3). The groundwater presents the highest
concentrations of F¯, SO4

2−, NO3
−, PO4

3−, HCO3
−, K, Ca, Mg, Al, Cd,

Sr and U (103 μg/L) downstream of the open pit lake and dumps, but
the highest concentrations of B, Fe, Li, Mn, Pb, Zn, As and Th occur
upstream (Appendix A; Fig. 4). Groundwater and surface water, both
downstream of the open pit lake and dumps were compared. The
former has the highest concentrations of F¯, SO4

2−, NO3
−, PO4

3−,
HCO3

−, K, Ca, Mg, Al, B, Ba, Cd, Mn, Sr, Zn, As, Th and U (Appendix A;
Figs. 3, 4), but the latter presents the highest concentration of Fe. The
open pit lake has higher F¯, SO4

2−, HCO3
−, Na, Ca, Mg, Li and U

concentrations than the groundwater downstream the open pit lake and
dumps (Appendix A; Figs. 3a, b; 4a, b).

4.2. Stream sediments

The textural characteristics, physical-chemical parameters and
concentrations of metals and metalloids in stream sediment samples
collected from the abandoned Mortórios uranium mine area are given
in Table 1. In general, they are dominated by sand with values of 63%
(only two samples) and 10–97% from upstream and downstream of the
open pit lake and dumps, respectively. Five samples from the latter area
consist mainly of 68–90% of gravel (Table 1). The gravel fraction
(> 2mm) is always dominated by small pebbles (4–2mm). Values of
0.13–0.27% of silt and 0.83–1.31% of clay were provided by upstream
samples and values of 0.07–3.14% of silt and 0.00–1.26% of clay are
from samples located downstream of the open pit lake and dumps. The
clast composition of the sediment samples consists mainly of granite,
but also of quartz and feldspars (K-feldspar and plagioclase) with ac-
cessory muscovite, biotite, phyllite and clay minerals. Identification
and semi-quantification of clay minerals in the fraction< 2 μm pro-
vided the following mineralogy: kaolinite (9–53%), illite (25–39%),
smectite (3–31%), chlorite (30–46%) and vermiculite (9–13%). Higher
contents of smectite, chlorite and vermiculite occur downstream of the
open pit lake and dumps. Some stream sediments from downstream of
the open pit lake and dumps present the lowest pH values of 5.38–5.51
(Table 1). However, the other stream sediments from this area have pH
values of 6.63–6.90 and those from upstream of the open pit lake and
dumps are of 6.50–6.92. The highest values of EC (61 μS/cm) and CEC
(3.8 cmol/kg) are reached downstream of the open pit lake and dumps,
but they are very low. Aluminium, Fe, Co, Cr, Cu, Ni, Pb, Sr, W and Zn

Fig. 2. Eh – pH values for the system As-Fe-O-H-S of the waters from the
abandoned Mortórios uranium mine area. Adapted from GSJ (2005). surfw
upstr – surface water from upstream of the open pit lake and dumps; surfw
downstr – surface water from downstream of the open pit lake and dumps; grdw
upstr – groundwater from upstream the open pit lake and dumps; grdw downstr
- groundwater from downstream of the open pit lake and dumps.
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concentrations in the stream sediments present the same trend down-
stream of the open pit lake and dumps (Table 1), showing slight de-
creases downstream. In general, stream sediments from downstream of
the open pit lake and dumps have higher Mn and U concentrations than
stream sediments from upstream locations (Table 1, Fig. 5). The highest
concentrations of Al, Fe, As, Co, Cr, Mn, Ni, Sr, Th, U, W and Zn occur
downstream of the open pit lake and dumps.

5. Discussion

5.1. Geochemistry of waters

The pH of the open pit lake is alkaline ranging from 8.42 to 9.23,
because new water has been added by rainfalls since 1988 with the
drainage resulting from the weathering of basic rock dykes and also a
probable addition of lime Ca(OH)2 by the EDM. Surface water and
groundwater samples are slightly acidic to alkaline with pH values of
5.29–7.93 and 4.59–7.23, respectively. The acidic values are attributed

to oxidation of sulphides from quartz veins. Neutral to alkaline pH
values are typical of waters close to uranium mines (e.g. Gómez et al.,
2006; Neiva et al., 2014, 2015, 2016a). The open pit lake has higher EC
values 263–415 μS/cm than the highest values of the surface water and
groundwater of 72 μS/cm and 133 μS/cm, respectively, both from
downstream of the open pit lake and dumps, because the open pit lake
received the direct effect of weathering of sulphides from quartz veins
and uranium minerals (torbernite and autunite) from basic rock dykes.

There is not always a significant distinction between the con-
centrations of the same metal and also the metalloid in surface water
from upstream and downstream of the open pit lake and dumps. The
same happens for groundwater. This is attributed to the contamination
provided by the uranium mine areas of A-do-Cavalo (at 5 km) and

Fig. 3. Seasonal variations in SO4
2− and some trace elements from surface

waters and open pit lake of the abandoned Mortórios uranium mine area. surf
upstr and surf downstr as in Fig. 2. VP- permitted values for drinking water (U-
WHO, 2017; As and Fe- Portuguese decrees, 1998, 2007, 2017).

Fig. 4. Seasonal variation in SO4
2− and some trace elements from groudwaters

of the abandoned Mortórios uranium mine area. grdw upstr and grdw downstr
as in Fig. 2. VP as in Fig. 3.
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Quinta das Vermelhas (at 2.8 km) both located upstream of the studied
area. The consequence is the difficulty of obtaining a background re-
sulting from a pristine U-mineralization (without contributions by an-
thropic works).

Most of the surface water samples collected in February 2015 do not
contain Al, B, Ba, Cd, Co, Cr, Cu, Li, Ni, Pb, Sr and Zn attributed to their
higher pH values, ranging from 6.81 to 7.93, as the formation of sec-
ondary minerals such as hydroxides and oxyhydroxides is favoured
(Jambor, 1994). This effect is lower in groundwater, where the pH
values are of 5.89–7.23 and due to the dilution caused by the rainfall.
The open pit lake has higher pH, EC and TDS values and higher F¯,
SO4

2−, HCO3
−, Na, Ca, Mg, Li and U concentrations than surface water

and groundwater downstream of the open pit lake and dumps (Ap-
pendix A; Figs. 3a, b; 4a, b) due to the higher concentration of waterTa
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Fig. 5. Diagrams of Mn, U and As of stream sediments from the abandoned
Mortórios uranium mine area.
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and weathering of sulphides from quartz veins and torbernite and au-
tunite from the basic rock dykes. However, the high pH values and Ca
concentration in the open pit lake is attributed to the weathering of
basic rock dykes and a probable addition of lime Ca(OH)2 by the EDM.
The groundwater downstream of the open pit lake and dumps has
slightly higher F¯, SO4

2−, NO3
−, PO4

3−, HCO3
−, K, Ca, Mg, Al, B, Ba,

Cd, Mn, Sr, Zn, As, Th and U concentrations than the surface water
downstream of the open pit lake and dumps (Appendix A; Figs. 3a, b, c;
4a, b, c), because groundwater causes higher weathering of sulphides
from quartz veins and torbernite and autunite from basic rock dykes,
also of the porphyritic granite.

The highest concentrations of U in surface water and groundwater
were reached in February 2015 (Appendix A, Figs. 3b, 4b) during the
winter when the flow was higher and leaching from basic rock dykes
took place, as it also occurred in uranium mine areas containing quartz
veins with uranium minerals (e.g. Pinto et al., 2004; Neiva et al., 2014,
2015, 2016a). However, at the open pit lake the highest U concentra-
tion was reached in April 2014, when most of the water was accumu-
lated and leaching from rocks was the highest. The dissolution of tor-
bernite and autunite causes the oxidation of U(IV) producing U(VI) and
formation of strong complexes with the anions OH¯, F¯, Cl¯, CO3

2−,
SO4

2− and PO4
3− (Langmuir, 1978) that increase the uranium mobi-

lity. Torbernite and autunite occur at Mortórios as secondary uranium
minerals containing uranyl ions (UO2

2+), which are soluble and mo-
bilized in the environment. The (UO2

2+) is the most stable under acidic
or oxygenated conditions (Duff and Amrhein, 1996). Under neutral and
alkaline pH conditions, the strong carbonate complexes UO2(CO3)22−

and UO2(CO3)34−can be formed (Grenthe et al., 2003). Furthermore,
alkaline earth uranyl carbonate species may also occur in neutral waters
with significant carbonate species (Vercouter et al., 2015). The uranium
mobility is decreased if uranyl ions are adsorbed into predominantly
negatively charge surface sites (e.g. Barnett et al., 2000). The amount of
clay minerals in stream sediments is moderate to low (Table 1). The
uranium can be retained in kaolinite and smectite. In the fraction< 2
μm it was found that smectite reaches 31% among clay minerals from
stream sediments of downstream the open pit lake and dumps. The Th
shows the highest concentration in water during the winter (February
2015). However, its concentration is lower than that of U (Appendix A)
as in all other studied Portuguese uranium mine areas (e.g. Pinto et al.,
2004; Neiva et al., 2014, 2015, 2016a; Antunes et al., 2018), because
Th compounds are hardly soluble and easily precipitated in solid phases
(Tutu et al., 2009). In general, SO4

2−, B, Ba, Cd, Co, Cr, Cu, Mn, Li, Ni,
Pb, Sr and Zn show higher concentrations in April 2014, at the spring. A
similar behaviour was found for SO4

2− and Ni in the Mondego Sul
uranium mine area (Neiva et al., 2016a).

The Eh-pH diagram (Fig. 2) shows that under oxidizing conditions,
the pentavalent As (V) is present as aqueous complex (HAsO4

2− and
HAsO4

−) in surface water and groundwater. The results of geochemical
modelling show that As occurs as pentavalent species both in surface
water and groundwater (Table 2), being the more easily adsorbed and
less toxic form of arsenic. In some waters (mainly 1op and 2op samples)
there is the formation of calcium-arsenate complexes Ca(HAsO4) and Ca
(AsO4

−) due to the alteration of autunite and a probable addition of
lime Ca(OH)2 by the EDM. The formation of these complexes represents
a minor proportion and due to the alkaline pH of these samples (1op
and 2op) the arsenic tends to be in solution due to the reduction of
oxyanions adsorption at these pH values. The saturation in ferrihydrite,
goethite, hematite, maghemite and lepidocrocite in all water samples
also suggests that some part of the arsenic can be adsorbed in these
minerals, namely in samples with the lowest pH values (Panagiotaras
and Nikolopoulos, 2015). The eventual change of redox conditions can
lead to the Fe reduction, and therefore the As release to solution.

Lead occurs mainly in the divalent form (74.35 to 96.77%) in sur-
face waters and groundwaters (Table 2). However, in the waters sam-
ples 1op, 2op and 9w, the PbCO3 can also be formed due to the high
HCO3

− content of these waters. The lower contribution of SO4
2− and

pH near neutral to alkaline reduces the formation of lead sulphate
complex in these waters (0.90 to 4.46%).

Thorium occurs mainly as carbonate hydroxide species (Table 2).
Thorium is less soluble than U in all conditions. In solution, the species
Th(OH)4 and Th(OH)3(CO3

−) form colloids or precipitates with iron
and manganese oxyhydroxides (Kim et al., 2010). Furthermore, the Th
precipitates if the pH increases to values above 5 (Langmuir and
Herman, 1980) and the geochemical modelling indicates that all ana-
lysed waters are saturated in ThO2.

In surface water and groundwater from the abandoned Mortórios
uranium mine area, of alkaline (HCO3

−) type, uranyl‑carbonate com-
plexes are dominant (Table 2). However, the calcium uranyl carbonate
complexes dominate in samples 1op and 2op (open pit lake), but also in
15 st and 14 w (Table 2). This calcium uranyl carbonate complexes
increase the mobility of uranium in waters, making it more soluble in
oxidized environments (Fox et al., 2006) and decreasing its adsorption
potential. This is the reason why acid, but also the alkaline oxygenated
mine waters may carry a significant concentration of dissolved uranium
(Lottermoser, 2010), which is the case of waters 1op and 2op from the
abandoned Mortórios uranium mine area. The pH range and the dis-
solved U of these waters increase the U dispersion through infiltration
and also by the spatial contamination of the surrounding surface waters
(3 st, 13 st and 14 st). However, due to the saturation in secondary
carbonate minerals like calcite, dolomite and aragonite (in water
samples 1op and 2op), U may co-precipitate with calcite or dolomite,
probably in the form of Ca2UO2(CO3)3 (Liu et al., 2008). For waters
with pH < 8, the uranium species are adsorbed onto precipitated iron
oxides (e. g. Waite et al., 1994; Wazne et al., 2003). This is the reason
why the adsorbents such as iron oxides are used as treatment methods
for uranium removal from water (Katsoyiannis and Zouboulis, 2013).
The slight decrease of uranium concentration towards downstream,
with U concentration higher than 15 μg/L, more than 1 km downstream
of mine dumps and open pit lakes, is due to the high mobility of U (VI).
The evaporation of waters leads to the formation of secondary uranium
minerals, that can justify the decrease of U concentration in surface
waters in summer.

Principal Component Analysis is a non-parametric method of clas-
sification and it does not make assumptions on data's statistical dis-
tribution. Its main goal is looking for outliers and strong groupings in
the plots and, therefore, specifying data patterns (Jolliffe, 2002). It was
used the Spearman's correlation index to diminish the weight of fre-
quent outliers (Candeias et al., 2011). All attributes and samples were
considered active and contributed for the new components construc-
tion, except the open pit lake samples which were plotted in supple-
mentary, as they constitute severe outliers, for all the elements. The
first four components explain 74% of the total variability and so the
ones retained for the subsequent evaluation.

Most of the metals, such as Cd, Sr, Pb, Ba, B, Ni, Co, Zn and Cu
constitute a group deeply connected to the natural geological char-
acteristics of the surveyed settlement, mainly granite and associated
mineralizations (Fig. 6). The metal concentrations in solution will de-
pend on the water's physical conditions, the increasing due to dissolu-
tion from the solid precipitates.

Calcium, Mg, Na, Cl and EC define another group, suggesting that
these major cations and anion are the principal contribution to the
water's grade of mineralization, as well as the observed EC values. The
open pit lake samples are close to this last group which could be ex-
plained by the higher observed water mineralization. Furthermore, the
weathering of basic rock dykes and the probable addition of lime could
have increased the local pH and contribute significantly to the final
total water mineralization.

Uranium defines an independent group. The high grade of U ob-
served in the surface water and groundwater may be related to the basic
rocks dykes leaching, with uranium minerals dissolution depending on
the water's physical-chemical conditions.

In general, the U concentrations of water from the abandoned
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Table 2
Principal aqueous chemical forms of As, Pb, Th and U in surface water and groundwater close to the old Mortórios uranium mine predicted by Phreeqc V3.4.0
(Parkhurst and Appelo, 2013) and thermochimie database (Andra, 2009).

Species names (%) MOT-1 op
April 2014

MOT-2 op
April 2014

Mot-13 st April
2014

Mot-15 st April
2014

Mot-15 st Feb
2015

Mot-9 w Feb
2015

Mot-14 w Feb
2015

Mot-19 w Feb
2015

Mot-21 w April
2014

H(AsO4)2− 46.66 70.89 3.37 13.04 92.45 28.28 74.23 11.56 0.97
H2(AsO4)− _ – 96.10 86.33 6.34 71.00 24.32 87.54 98.38
HAsO4

2− 12.72 – – – – – – – –
Ca(HAsO4) 3.60 6.23 – – 0.72 – 1.20 – –
Ca(AsO4)− – 22.00 – – – – – – –

–

Pb2+ – – 88.73 74.25 75.65 – – 96.77
PbSO4 – – 4.46 3.51 2.86 – – 0.90
PbOH+ 2.13 2.07 – – 1.53 – – –
Pb(OH)2 0.74 – – – – – – –
PbCO3 80.18 91.25 – 7.23 19.36 – – 0.73
Pb(CO3)22− 16.76 6.02 – – – – – –
Pb(B(OH)4)+ – – 3.95 13.89 – – – 0.97

Th(OH)3(CO3)− 75.30 72.23 – 12.40 91.20 51.65 79.99 17.50 –
Th(OH)2(CO3)22− 20.64 24.20 – – 2.88 2.29 3.10 – –
Th(OH)2(CO3) – – 0.87 22.33 1.65 35.20 7.17 34.95 2.03
Th(OH)3+ – – – 6.56 – 6.85 1.99 12.45 1.14
Th(OH)22+ – – – 1.08 – – – 2.41 2.21
Th(OH)4 3.78 3.25 – 1.34 4.02 3.35 7.73 2.19 –
Th4(OH)124+ – – – – – 2.04 –
ThF3+ – – 34.38 18.92 – – – 9.57 15.62
ThF3+ – – – – – – – – 5.90
ThF22+ – – 26.44 12.49 – – – 11.69 69.70
ThF4 – – 37.21 24.07 – – – 6.48 2.86

UO2
2+ – – 4.37 1.18 – – 2.05 13.09

UO2CO3 – – 82.65 87.00 3.06 76.26 15.99 83.74 78.93
UO2(CO3)22− – – 0.98 3.89 8.88 8.78 12.53 1.85 –
UO2(CO3)34− 1.12 – – – 7.27 – 1.89 –
CaUO2(CO3)32− 38.52 35.82 – – 28.53 – 16.48 –
Ca2UO2(CO3)3 60.35 63.23 – – 5.83 1.58 6.27 –
(UO2)2(CO3)(OH)3− – – 2.09 46.14 9.45 45.89 5.04
UO2OH+ – – 2.32 2.39 – 1.84 – 3.50 2.31
UO2F+ – – 7.67 2.42 – – – 2.28 3.93
UO2(HAsO4) – – 1.05 – – – – 1.31 1.11

Mot – Mortórios; op – open pit lake; st – stream; w – well; − not detected.

Fig. 6. Plot of PC1 and PC2 factors from waters of the abandoned Mortórios uranium mine area.
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Mortórios uranium mine area are higher than the 17 μg/L and 20 μg/L
(Appendix A) for drinking water indicated by the Australian and
Canadian guidelines, respectively (NHR, NRMMC, 2011; Health
Canada, 2017). Most of the water samples have higher uranium con-
centrations than the 30 μg/L for drinking water indicated by the World
Health Organization (WHO, 2017). Some surface water and ground-
water are also contaminated in Cd, Cr, Cu, Fe, Mn, Ni, Pb and As and
must not be used for human consumption (Portuguese Decrees, 1998,
2007, 2017). Some water samples have Cd concentrations higher than
the 10 μg/L of Cd recommended for agricultural use in Portugal
(Portugal Decree, 1998).

5.2. Geochemistry of stream sediments

The Th has a tendency to decrease to downstream, however has an
abrupt increase on its concentration in the stream sediment 5 (Fig. 7),
due to a streambed morphology in this portion of the stream that fa-
vours more finer sediment deposition that adsorbs the Th. The high Th
and U concentrations that occur> 1 km at downstream of the open pit
lake and mine dumps (Fig. 7) reveal the high dispersion degree of
contamination. Moreover, the high W concentration of stream sediment
5 (Table 1) is due to the contribution of the old WeSn Fonte da Madre
mine, which is located 3 km north of the abandoned Mortórios mine.
Arsenic and U present high concentrations (about three times more)
compared with the other metals, metalloid and Th (Fig. 7). Despite the
Th concentration being lower than that of U, the median Th con-
centration (19.45mg/kg) is higher than the median Th concentration of
European soils (7.24mg/kg) (Salminen et al., 2005). At> 1 km
downstream of the open pit lake and dumps, As (56.6mg/kg), Th
(18.1 mg/kg) and U (62.9mg/kg) in stream sediments are higher than
their medians in stream sediments from Portugal (Ferreira, 2000),
putting the Marialva's population at environmental risk due to the
dispersion of these contaminants close to the village. This is mainly due
to the mineralization in arsenopyrite of quartz veins that cut the por-
phyritic granite and the predominance of torbernite and autunite from
basic rock dykes as the main ore minerals in the abandoned Mortórios
mine area. The near neutral pH of stream sediments from Mortórios
promotes the mobility of As (Neiva et al., 2016b; Carvalho et al., 2017;
Antunes et al., 2018). Whereas the U, predominantly as hexavalent

species, has high mobility and can be dispersed over long distances in
the streams. The U concentrations in waters towards downstream
clearly decrease, while the U concentration in stream sediments in-
crease (Fig. 7). The U is adsorbed by the iron- and aluminium-oxy-
hydroxides present in the stream sediments, as happens in other re-
ported contaminated areas by historical uranium mining (Zielinski
et al., 2008). Kaolinite and smectite are also important clay minerals on
the adsorption of U (Bachmaf and Merkel, 2011). The Fe and As con-
centrations of stream sediments from Mortórios present a positive
correlation (Fig. 8), suggesting that As is adsorbed by Fe-oxyhydroxides
(e.g. Neiva et al., 2016b). According to the Geo-accumulation (Igeo)
index (Müller 1979, 1981 and 1986), taking into account the element
background of stream sediments from Portugal (Ferreira, 2000), the
stream sediments from Mortórios are moderately to heavily con-
taminated in As and Th and heavily to extremely contaminated in U and
W (Table 3). The stream sediment 5 that is heavily contaminated in Th
and heavily to extremely contaminated in U and W.

Fig. 7. Trends of the Th, U and As concentrations of stream sediment and water samples (collected in April 2014) from upstream to downstream of the open pit lake
and dumps of the abandoned Mortórios uranium mine area.

Fig. 8. Correlation between Fe and As of stream sediments from upstream and
downstream of the open pit lake and dumps from the abandoned Mortórios
uranium mine area. r= 0.908, p < 0.01.
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5.3. Comparison of waters and stream sediments from three abandoned
uranium mine areas exploited from open pits in central Portugal

The three abandoned uranium mine areas are located in the ur-
anium-bearing Beiras area of central Portugal. Mortórios is located in
the Guarda county (Fig. 1a), but the other two areas Vale de Abrutiga
and Mondego Sul are close to the reservoir of the Aguieira dam in the
Mondego river, Coimbra county (Fig. 1a). At Mortórios, weathered
basic rock dykes contain torbernite and autunite. This mine produced
about 27 t of U3O8 from 1982 to 1988 (this work). Quartz veins from
Vale de Abrutiga contain saleeite and meta-saleeite. The mine produced
the highest amount of uranium oxide (U3O8) ca. 90 t between 1982 and
1989 (Pinto et al., 2004). Quartz veins exploited at Mondego Sul con-
tain autunite, torbernite, meta-uranocircite and meta-saleeite. The mine
produced about 75 t of U3O8 from 1987 to 1991 (Neiva et al., 2016a).

5.3.1. Waters
There was an open pit lake in each uranium mine area and the water

came from rainfall, groundwater inflow and run off from adjacent low-
grade ore from dumps. The water samples were collected before re-
mediation in the three areas, in Mortórios during April and October
2014 and February and July 2015 (this work); in Vale de Abrutiga
during May 1998 and February, May, August and September 1999
(Pinto et al., 2004); in Mondego Sul during July and March 2008 and
December 2009 (Neiva et al., 2016a). Water data from the three areas
are compared in Table 4.

Among the open pit lakes, the water from Vale de Abrutiga has the
lowest pH values (Table 4) due to oxidation of sulphides, mainly pyrite
from quartz veins, which caused dissolution of metals responsible for
the highest EC values. It also has the highest concentrations of SO4

2−,
Cu, Fe, Mn, Zn and U due to the dissolution of sulphides and the highest
U concentration derived from the dissolution of uranium minerals from
quartz veins. The surface water from Vale de Abrutiga has the lowest
pH and the highest EC values and SO4

2−, Fe, Mn, Zn and U con-
centrations and the lowest Th concentration compared to surface water
downstream the other open pit lakes and dumps in Mortórios and

Mondego Sul and the drainage from a dump in the latter area (Table 4).
In general, groundwater from Vale de Abrutiga has higher EC values
and Fe, Mn, Zn and U concentrations than groundwater downstream the
open pit lake and dumps of Mortórios (Table 4) attributed to a higher
abundance of sulphides, particularly pyrite and sphalerite associated
with a higher uranium mineralization in the former area. At Vale de
Abrutiga, surface water has lower pH values and higher EC values and
SO4

2−, Fe, Mn, Zn, Th and U concentrations than groundwater
(Table 4) due to a higher dissolution of sulphides at the surface.
However, at Mortórios this distinction does not occur, probably because
sulphides occur in small quartz veins and uranium minerals occur in
basic rock dykes and are less abundant than those from quartz veins of
Vale de Abrutiga.

The open pit lake from Mortórios has higher pH and EC values and
As, Th and U concentrations and lower Mn, Ni and Zn concentrations
than the open pit lake from Mondego Sul (Table 4). The pH values
suggest that at Mortórios there is a higher abundance of accumulated
water in the open pit during the years, resulting from the weathering of
basic rock dykes, but also a probable addition of lime Ca(OH)2 by the
EDM may have occurred as the Ca median (38.9mg/L) is much higher
than that (7.6 mg/L) of the open pit lake of Mondego Sul. Furthermore,
at the open pit lake of Mortórios there were higher abundances of
dissolved arsenopyrite and uranium minerals and a lower dissolution of
sphalerite than at the open pit lake from Mondego Sul, probably be-
cause water samples were collected seven years later than at Mondego
Sul and sphalerite was less abundant in quartz veins from Mortórios.
However, the exploited tonnes of U3O8 from basic rock dykes are lower
at Mortórios than those exploited from quartz veins at Mondego Sul.
There is not a clear distinction between surface waters downstream of
the open pit lakes and dumps of Mortórios and Mondego Sul. However,
the median of Eh value and median values of Cu, Fe, Mn, Pb, As, Th and
U concentrations are higher at Mortórios (Table 4) indicating that more
sulphides from quartz veins and uranium minerals from basic rock
dykes were more dissolved at Mortórios than those minerals from
quartz veins at Mondego Sul.

The water from Vale de Abrutiga was the most contaminated before

Table 3
Geo-accumulation (Igeo) index for metals and the metalloid As of stream sediments from the abandoned Mortórios uranium mine area.

Calculated-Igeo values Igeo-classes

As Th U W As Th U W

Outside the mine influence area
SD17 2.1 1.3 3.5 5.5 3 2 4 6
SD18 2.3 1.9 3.7 6.1 3 2 4 6

Inside the mine influence area
SD3 1.4 1.8 3.7 0 2 2 4 0
SD15 2.2 1.6 3.7 4.6 3 2 4 5
SD13 2.3 2.1 4.4 5.6 3 3 5 6
SD12 2.6 1.8 4.3 4.8 3 2 5 5
SD10 2.2 1.4 3.9 3.4 3 2 4 4
SD4 2.0 1.1 3.8 3.4 2 2 4 4
SD5 1.9 3.5 4.4 8.2 2 4 5 6
SD7 2.1 1.6 4.1 4.0 3 2 5 3
Igeo values for Al, Fe, Co, Cr, Cu, Mn, Ni, Pb, Sb, Sr and Zn contents are < 0.

The Igeo-class is 0 for them.

Correspondence between Igeo values and Igeo classes according to Müller (1979, 1981 and 1986)

Igeo Igeo-classes Sediment quality

< 0 0 Practically uncontaminated
> 0–1 1 Uncontaminated to moderately contaminated
> 1–2 2 Moderately contaminated
> 2–3 3 Moderately to heavily contaminated
> 3–4 4 Heavily contaminated
> 4–5 5 Heavily to extremely contaminated
> 5 6 Extremely contaminated
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Table 4
Comparison of water data before remediation from three abandoned uranium mine areas exploited from open pits in central Portugal.

Mortórios

open pit lake surfw downstr grdw downstr

Min Max Median Min Max Median Min Max Median

pH 8.42 9.23 8.8 5.29 7.93 6.2 5.33 7.23 6.21
Eh (mV) 252 429 337 125 461 296 204 457 326
EC (mS/cm) 263 415 330 32 72 44.5 32 99 63
SO4

2−(mg/L) 56.9 95.6 80.0 2.2 15.7 6.3 2.7 46.2 12.9
Mg (mg/L) 16.9 23.0 19.7 0.89 3.2 1.51 1.28 4.8 2.50
Cd (μg/L) * 23.1 0.0 * 13.4 2.8 * 20.2 1.1
Cr (μg/L) * 69.2 0.0 * 49.5 0.0 * 47.0 0.0
Cu (μg/L) * 23.3 1.47 * 24.0 2.2 * 23.1 0.0
Fe (μg/L) 1.79 30.5 5.4 16.7 453 76.4 3.9 211 30.4
Mn (μg/L) * 27.8 8.7 0.77 70.9 26.0 * 122 17.0
Ni (μg/L) * 36.7 0.0 * 24.3 0.0 * 24.0 0.0
Pb (μg/L) * 71.3 1.92 * 13.5 3.3 * 16.5 1.36
Zn (μg/L) * 22.9 0.0 * 17.4 0.0 * 17.7 0.0
As (μg/L) 39.8 56.0 47.5 21.8 63.4 41.0 6.0 66.7 40.1
Th (μg/L) 17.1 53.3 28.1 * 65.5 33.5 * 69.2 8.4
U (μg/L) 1004 1268 1165 * 100.0 28.6 * 103 28.4

Vale de Abrutiga

Open pit lake Surface water Groundwater

Min Max Median Min Max Median Min Max Median

pH 2.25 2.73 2.47 2.53 2.78 2.67 4.50 6.22 5.63
Eh (mV) nd nd nd nd nd nd nd nd nd
EC (mS/cm) 2848 3790 2962 3030 6660 4585 174.6 720.0 310.4
SO4

2−(mg/L) 1248 5280 1728 1536 6576 3984 * 284 0.0
Mg (mg/L) nd nd nd nd nd nd nd nd nd
Cd (μg/L) nd nd nd nd nd nd nd nd nd
Cr (μg/L) nd nd nd nd nd nd nd nd nd
Cu (μg/L) 710 830 735 20 1470 835 10 130 35
Fe (μg/L) 19,400 27,700 20,300 14,700 185,000 95,650 20 9300 970
Mn (μg/L) 14,500 15,100 14,800 41,700 132,900 88,500 310 1800 1020
Ni (μg/L) nd nd nd nd nd nd nd nd nd
Pb (μg/L) * 110 40 * 50 20 * 170 25
Zn (μg/L) 17,000 19,500 17,125 9100 62,000 34,625 30 610 115
As (μg/L) nd nd nd nd nd nd nd nd nd
Th (μg/L) 4.38 6.76 5.13 0.64 20.40 10.69 0.03 0.11 0.05
U (μg/L) 7600 8540 7625 850 18,660 11,430 * 1000 425

Mondego Sul

open pit lake dra from a dump surfw downstr

Min Max Median Min Max Median Min Max Median

pH 3.2 5.3 5.0 5.3 8.7 6.0 5.7 8.7 6.3
Eh (mV) 211 372 247 59 198 117 67 233 158
EC (mS/cm) 184 249 215 70 170 90 64 95 70
SO4

2−(mg/L) 94.7 1218 112 6.6 39.9 17.6 6.4 8.4 6.7
Mg (mg/L) 16.4 19.3 17.7 1.21 9.1 4.3 0.77 1.48 1.16
Cd (μg/L) * 3.6 1.43 * 1.67 0.91 0.26 0.87 0.26
Cr (μg/L) * 5.5 2.8 * 6.5 3.1 0.44 6.9 1.53
Cu (μg/L) * 1.54 0.0 * * nd * * nd
Fe (μg/L) 3.4 29.9 7.3 2.8 69.5 32.7 3.0 40.4 20.6
Mn (μg/L) 198 221 214 * 118 5.4 * 6.6 2.2
Ni (μg/L) 53.9 68.7 62.9 * 15.3 3.1 * 3.0 0.0
Pb (μg/L) * 12.7 5.1 * 8.2 1.7 * 12.1 0.0
Zn (μg/L) 251 320 284 * 50.4 3.2 * 2.7 1.65
As (μg/L) 1.33 20.9 6.1 4.9 158 13.2 2.2 19.3 7.3
Th (μg/L) 3.2 39.0 4.7 3.8 176 4.3 3.4 41.3 4.0
U (μg/L) 93.3 181 128 5.5 73.1 21.7 3.4 47.8 12.0

surfw downstr – surface water downstream of open pit lake and dumps; grdw downstr – groundwater downstream of open pit lake and dumps; dra – drainage; Min –
minimum; Max – maximum. * - below the limit of detection; nd – not determined.
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remediation. It might not have been used as drinking water due to the U
concentration (WHO, 2017) and the other metals concentrations and
might not also have been used for agriculture (Portuguese Decrees,
1998, 2007, 2017). This area was remediated from January 2007 to the
beginning of June 2008 (EDM, 2017).

The U contamination of water is higher at Mortórios than at
Mondego Sul. They must not be used as drinking water (WHO, 2017).
Water from Mortórios is also more contaminated in Mn, Ni and As than
water from Mondego Sul and it also has contamination in Cd, Cr, Fe and
Pb supporting that it must not be used for human consumption
(Portuguese Decrees, 1998, 2007, 2017). Water samples from Mortórios
have some significant Cd concentrations showing that the water must
not also be used for agriculture (Portuguese Decree, 1998). Water from
Mortórios has arsenic as As (V), whereas water from Mondego Sul has
significant concentrations of As (III), which is the most toxic form of
arsenic (Hughes et al., 2011).

5.3.2. Stream sediments
The stream sediments in the influence of the open pit lake and mine

dumps from Mortórios have the lowest U median (53.5 mg/kg) when
compared with those from Mondego Sul and Vale de Abrutiga (Table 5).
Moreover, the median values of Pb, Co, Cr, Cu and Zn concentrations
are lower than the median values of those elements in stream sediments
from Mondego Sul and Vale de Abrutiga. However, the Th median
(19.5 mg/kg) of stream sediments from Mortórios is higher than the Th
median of the stream sediments from Vale de Abrutiga (9.6 mg/kg). The
contamination in the Mortórios area is mainly due to the dispersion of
metals, metalloids and radionuclides in solution compared with other
old uranium mining areas, that can also be affected by the transport of
material from mine dumps to the streams. The As and U are the ele-
ments with more potential to contaminate the environment down-
stream of the open pit lakes and mine dumps. The near neutral to al-
kaline pH of waters and near neutral pH of stream sediments at
Mortórios reduce the As adsorption by the stream sediments (Jeppu and
Clement, 2012) and the predominance of hexavalent form of U favours
its mobility in surface waters. Therefore, the stream sediments have an
important role in the retention of U and As through its sorption capacity
and the decrease in the U and As contamination of waters towards
downstream. Stream sediments from Mondego Sul have higher U, Th,
Pb and lower Co, Cr, Cu and Zn median values than stream sediments
from Vale de Abrutiga.

6. Conclusions

At Mortórios, there are small quartz veins containing sulphides and
basic rock dykes up to 14m thick with torbernite and autunite and
cutting a porphyritic granite. Stream water and groundwater are

slightly acidic to alkaline of pH 5.29–7.93 and 4.59–7.23, respectively.
The high pH 8.43–9.23 values of the open pit lake and the median Ca
concentration of 38.9mg/L are due to weathering of basic rock dykes
and suggest a probable addition of lime Ca(OH)2 by the EDM. The open
pit lake has also the highest EC and TDS values and F¯, SO4

2−, HCO3
−,

Na, K, Ca, Mg, Li and U concentrations being a communication point
that allows the leaching to the downstream of surface water and
groundwater. Downstream of the open pit lake and dumps, the
groundwater has higher, F¯, SO4

2−, NO3
−, PO4

3−, HCO3
−, K, Ca, Mg,

Al, B, Ca, Cd, Mn, Sr, Zn, As, Th and U concentrations than the surface
water due to leaching of basic rock dykes, quartz veins and granite. The
highest U concentration occurred in the open pit lake in April 2014 due
to the dissolution of uranium minerals after an intense raining winter
(IPMA, 2018). A later less dilution was caused by a very warm and dry
spring. However, in the stream water and groundwater downstream of
the open pit lake the highest U concentration occurred in February
2015, when the runoff and leaching from all rock types were the
highest.

The principal component analysis (PCA) indicate a group consisting
of Cd, Sr, Pb, Ba, B, Ni, Co, Zn and Cu connected to granite and asso-
ciated mineralization. Another group is defined by Ca, Mg, Na, Cl and
EC suggesting that they gave the main contribution to the water's grade
mineralization. The U defines and independent group mainly related to
the basic rock dykes.

In general, uranyl carbonate species dominate, but calcium uranyl
carbonate complexes dominate mainly in the open pit lake. The Th
occurs as carbonate hydroxide species. Arsenic occurs as As (V) in all
waters and is as Ca(HAsO4) and CaAs(O4)¯ complexes in the open pit
lake. In all the other waters, some As will be retained in ferrihydrite,
goethite, hematite, maghemite and lepidocrocite. The water is con-
taminated in U, Cd, Cr, Cu, Fe, Mn, Ni, Pb and As and must not be used
for human consumption. Due to its contamination in Cd it must not also
be used for agriculture. The alkaline pH values of the open pit lake
favor the dispersion of As for surrounding waters and stream sediments
and the high Ca concentrations favor the uranium mobility as calcium
uranyl carbonate complexes. The stream sediments are contaminated in
As, Th, U and W. At more than 1 km downstream of the open pit lake
and dumps As, Th and U concentrations in water and stream sediments
and W in stream sediments may cause environmental risk to the
Marialva village.

The characteristics of three exploited uranium mine areas from open
pits located in central Portugal, before remediation, were compared. In
all of them sulphides occur in quartz veins. In two of them U minerals
also occur in these veins, but at Mortórios they occur in basic rock
dykes. The Vale de Abrutiga area, that produced more U3O8 tonnes and
water samples were collected 10 years after the mine was closed, shows
the highest contamination. The Mondego Sul mine that produced lower
U3O8 tonnes and water samples were collected 18 years after the mine
was closed presents a lower contamination of water than at the
Mortórios area which produced the lowest U3O8 tonnes and from which
water samples were collected 27 years after the mine was closed.
However, arsenic occurs as As (V) at Mortórios and as As (III) at the
Mondego Sul area. The stream sediments from Mortórios have the
lowest median values of U, Pb, Co, Cr, Cu and Zn. Stream sediments
from Vale de Abrutiga have higher Co, Cr, Cu and Zn and lower U, Th
and Pb median values than stream sediments from Mondego Sul.

We hope that EDM, S.A. (Mining Development Enterprise), which is
responsible for the remediations of Portuguese abandoned mine areas,
will use the data and information provided in this study to plan the
necessary remediation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2019.03.020.
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