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Abstract: New insights about the geochemical behavior of actinides and lanthanides in an old ura-
nium mine are provided for the first time in this work. Fifteen samples (water, soil, and sediments)
were collected inside and outside the Quinta do Bispo old mine (Portugal) in order to better under-
stand the lanthanide and actinide behavior in the soil-water system. The chemical and mineralogical
composition was obtained via ICP-MS, INAA, and XRD. The water sample from the open pit exhibits
a higher U and REE dissolved concentration when compared to the other water samples. A positive
Eu anomaly is found in this sample. The soil samples collected inside the mine area, including mine
waste rocks and the minesoils surrounding the open pit, show uranium mineral phases, higher U
contents, an enrichment of LREE relative to HREE, and a lower Th/U. This heterogeneity may be due
to the open pit extraction and ore processes, as well as the percolation and water infiltration through
the waste rock piles. Soils from outside the mine area have a similar mineralogical and chemical
composition, despite their different geological context, which could be related to the influence of the
granitic geological unit during the alluvial unit deposition. The sediments have similar REE patterns,
negative Eu anomaly, and a high (La/Yb)y.

Keywords: rare earth elements; uranium mine; central Portugal; lanthanides and actinides; geochemistry

1. Introduction

Rare earth elements (REE) include the lanthanide series elements (La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) plus Sc and Y, as defined by the International
Union of Pure and Applied Chemistry (IUPAC). Actinides correspond to the series of
elements beginning with actinium and include thorium, protactinium, uranium, and the
trans uranium elements through the element lawrencium. Actinides are heavy due to their
large atomic mass, and one of their most important properties is that they are radioactive
in nature. Some similarities can be found between lanthanides and actinides, such as the
dominant oxidation state +3. In the case of lanthanides, Eu can be found in a divalent state
under reducing conditions, and Ce in the tetravalent state under oxidizing conditions [1].

According to the British Geological Survey [2], REE deposits can be broadly divided
into: (1) primary deposits associated with igneous and hydrothermal processes (e.g., car-
bonatite, alkaline igneous rocks); and (2) secondary deposits concentrated by sedimentary
processes and weathering (e.g., marine, and alluvial placers, ion-adsorption clays, laterites).
Currently, the world reserves of REE are found mainly in China, Brazil, Vietnam, Russia,
and India [3]. REEs are found in a wide range of minerals, including silicates, carbonates,
oxides, and phosphates, but they do not fit into most mineral structures and can only be
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found in a few geological environments. The principal economic sources of REE minerals
are bastnaesite, monazite, and loparite and the lateritic ion-adsorption clays [4]. However,
their origin and behavior in the Earth’s mantle and crust have been well characterized,
many uncertainties in our current understanding and modeling are related to the lack of
studies on the REE anthropogenic sources (e.g., mining and mining waste, recycling wastes,
gasoil, oil sands, etc.) [5].

Regarding actinides, uranium exploitation creates significant amounts of mining
wastes and radioactive waste tailing. These tailings created long- and short-term environ-
mental impacts (USA, Germany, France, and Portugal) [6], and may promote the enrichment
of some elements in waters, soils, and agricultural products. For this reason, during the
last quart of the 20th century the governments, such as the USA and West Europe, cre-
ated legislation for environmental and health protection, and some mine remediation and
rehabilitation were initiated in the industrial legacy paid by public funds [6].

Several studies have been performed with uranium mine residues around the world.
In Canada, the uranium mine tailing from Athabasca Basin (Saskatchewan) was identified
as a good secondary source of REE [7,8]. In Brazil, the REE potential in AMD produced by
uranium waste was evaluated (deposit located in the Mesozoic alkaline complex of Pogos
de Caldas, Southwestern of Minas Gerais state) [9], a study perfomed on the water samples
with high contents of trace metals and Y from an acidic lake of the same Brazilian mine [10],
and the evaluation of the downflow fixed-structured bed biological reactor (DFSBR) in the
biological treatment of the AMD were carried out.

In Portugal, several uranium mines were exploited during the 20th century for radium
and uranium production. These mining and milling activities originated about 13 million
tons of solid wastes dumped at several sites in the center—north region of the country [11].
The uranium production ceased in 2001, and an agreement between the Empresa de
Desenvolvimento Mineiro S.A. (EDM) and the Portuguese state was established under
an exclusive concession contract and approved by the Decree-Law n. © 198-A /2001, for
the environmental remediation of 175 abandoned old mines, then updated to 199 [12,13].
Several studies have been performed in the center—north of Portugal on different types of
mine areas (uranium and polymetallic mines), such as the study of the uranium mineral
alteration from a Portuguese Variscan peraluminous granite [14], some works concerning
the trace element distribution, especially U in the aplite [15,16], and the identification of
the most suitable material for REE recovery [17]. In these mining areas, studies regarding
the pollution patterns and environmental impact caused by the mine exploitation were
performed. In the abandoned Mondego Sul uranium mine [18], other studies were carried
out, including the geochemical characterization of water, soil, and stream sediments, the
identification and characterization of AMD sources, and the impact on the water quality [19].
At the Cunha Baixa mine, the effect of using contaminated water for irrigation in agriculture
soils [20] was evaluated. A radiological assessment in the soil and water samples was also
performed around old uranium and radium mines in the Viseu and Guarda areas [6,11].
Complementary research comprises geophysical methods and geological outcrop studies in
several geological and hydrogeological critical areas of old open pits of Portugal mainland
to identify potential groundwater circulation and the spread of contaminated waters [21].

Considering the importance of the former research studies related with old uranium
mines, this work was performed in the Quinta do Bispo old uranium mine, where the first
phase of the environmental remediation works started in 2020, including the demolition of
existing settling ponds and monitoring building, and the construction of a basin and cell for
the temporary deposit of waste. In addition, intervention works such as fencing, drainage,
and pumping were carried out in the open pit. Additionally, a new mine water treatment
facility using an active treatment system operation [22] was initiated. This mine has also
been the subject of several studies, namely the lithological modeling with the weathering
levels and simulation of fracture density obtaining a 3D model of transmissivity [23].
However, this mine has a lack of information, particularly regarding the geochemical
characterization of uranium mining wastes, namely the REE, U, and Th behavior. This is
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crucial to better improve the management of the surrounding area. The general efforts of
this study are concentrated on the importance of knowing geochemical processes which
have particular importance in old mining environments. In this way, the specific objectives
of the present work comprise the first geochemical approach applied to the old uranium
mine area of Quinta do Bispo including: (i) the study of the mineralogical and chemical
composition of soils, and sediments inside and outside the mine area; and (ii) the study of
the REE, Th, and U geochemical processes in the water, soil, and sediment samples from
inside and outside of the mine area.

2. Geological Setting

The Quinta do Bispo old uranium mine is located in the Viseu district, central Portu-
gal [24-26]. This ore bed was discovered in 1957 and the exploration by the open pit started
in 1979 and lasted for 8 years. This exploration occupied a surface area of 158,000 m?
and had a depth of 75 m [26]. In the Quinta do Bispo mine, besides mining and milling,
chemical processes for uranium extraction took place in two different areas. Initially, the
ore treatment was delivered via heap-leaching in Urgeirica during the 1979-1987 period.
Then, the new facility for ionic exchange was installed in the Quinta do Bispo mine due
to the significant concentration of uranium in the water accumulated in the old open
pit [27]. Regarding the geological context in the mining area (Figure 1), the main geological
unit is the two mica granites, medium-to-coarse-grained (medium granite). A tendency
toward profiroidism is frequent, particularly near the areas of contact with mineralized
structures and enclaves of the mica schists. The outcrops of meta-sediments of the Schist
Greywacke Complex also occur with strong contact metamorphism and the occurrence
of migmatites. The granularity of these granites may vary in depth, which presupposes
a more peripheral location. At the border of a batholitic structure, the materials are of
a granitic nature and have been subjected to the action of a very fluid magma that had
intruded laterally into the formations [24,26]. The mineralization comprises autunite and
torbenite. Black uranium minerals occur in meta-sediments and granites. The uraniferous
region of Cunha Baixa and Quinta do Bispo show three types of the granites: biotitic
monzonite and coarse-grained porphyroid granite (coarse granite); monzonite two-mica
medium-grain porphyroid tendency granite (medium granite); monzonite, muscovite and
biotitic porphyroid and medium-to-fine-grain granite (fine granite) [26].

~QB-5 0B-6 ) :
\4\0 .QB-]IW
/¥ = QB-4SED
€90B-10
“QB-8
@qs-12 ’?)?})’m QB-9
Legend
N Geologic Unit Fine granite
A Alluvial Medium granite
Argillaceous deposits Mica schists and migmatites
Coarsegranite [ quinta do Bispo mine
Fault Type
@0B-7SED Inferred Fault @ Outside the mine area
.QB - Observed Fault Surrounding the open pit (Inside the mine area)
2 Samples @ Waste rock (Inside the mine area)
0 250 500 1000 Il Water sample (upstream the open pit)
| Meters

Figure 1. Geological context of the Quinta do Bispo (Portugal) old uranium mine area, with the
sampling point locations (QB) (adapted from [26]).
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Moreover, in the north and northwest part of the Quinta do Bispo old mine, the open
pit is composed of two micas, a medium-grain porphyroid granite (medium granite) with
some pegmatitic interleaving. This granite, when intersected by the most important faults,
particularly from the WNW-ESSE to NW-SE direction, is quite sericite and clayey. At the
south, southwest, and west of the open pit, a medium-grained granite, predominantly
biotitic, shows slight chloritization effects is the dominant geology. In certain areas, the
texture may have porphyroid characteristics due to the presence of tabular feldspar phe-
nocrystals [26]. The uraniferous structures are composed of brecciated quartz veins and
dissemination pockets. The main ore minerals are autunite and torbernite. Manganese
oxides, pyrite, and arsenopyrite are also present in the mineralogical association [26].

3. Materials and Methods

The sampling campaign was performed in the Quinta do Bispo old uranium mine
(Viseu, Portugal) in November 2020, including three water samples, ten soil samples (at a
10-20 cm depth), and two sediment samples (Figure 1).

The sampling points were selected taking into consideration different locations in the
mining and surrounding areas (affected by the mining activity inside the old mine: waste
rock piles, surrounding the open pit; and outside the old mine unaffected by the mining
activity), also considering the geological context.

Two water samples were collected inside the old mine area, with one sample in the
open pit (QB-4w) and the other collected in a flooded natural lagoon located upstream of
the open pit (QB-11w). This lagoon receives the contribution from surface runoff water and
possibly also from groundwater seepage, and is named a groundwater sample. The third
sample was collected in the Castelo River (QB-7w), downstream the open pit (outside the
mine area).

The soil samples were collected inside and outside the old mine area: (i) inside, four
samples were collected in the waste rock piles (QB-1, QB-2, QB-3, and QB-10), and four
minesoil samples surrounding the open pit (QB-5, QB-6, QB-8, and QB-9); and (ii) outside
two samples were collected outside the old mine area (QB-7 and QB-12). It should be noted
that sample QB-8 was collected in an old water line within the mine area, in the middle of
the two geological faults.

Regarding the sediment samples, one was collected in the open pit (QB-4 SED) and
the other was collected in Castelo River (QB-7 SED).

The total water samples (100 mL) were collected with plastic syringes and not filtered.
Then, the dissolved water samples (30 mL) were filtered (<0.45 um) in the field, and both
samples were acidified with nitric acid (HNO3) until the pH was below 2, and stored in
cleaned plastic bottles. In situ parameters (pH, temperature, oxidation—reduction potential
(ORP), oxygen dissolved (OD), electroconductivity (EC), total dissolved solid (TDS)) were
measured in the water samples by the means of Aquaread AP-2000-D from Eijkelkamp.
The samples were then analyzed for the determination of REE and other trace elements
(Th and U) via inductively coupled plasma-mass spectroscopy (ICP-MS) at Actlabs Ltd.
(ANCASTER, Canada). The detection limits for REE, Th, and U were 0.001 pg-L~! in
dissolved and total concentration. However, the U dissolved and total concentration in QB-
4w was analyzed via inductively coupled plasma-optical emission spectrometry (ICP-OES),
with a detection limit of 0.05 mg-L~1.

The soil samples related to the waste rock piles were collected at different heights, since
the stockpiles can reach 15 m in height (two soil samples were collected in the top of the
pile and two in the slope). Samples (1.5 kg) from each grid were taken with a plastic shovel
and transferred to plastic bags. At the laboratory, the samples were air-dried, homogenized,
and sieved (fraction < 2 mm). A portion of 200 g of each sample was ground in agate
mortars before chemical and mineralogical analysis. The soil pH and oxidation-reduction
potential (ORP) were measured in a soil-water solution of a 1:2 ratio using the calibrated
electrodes, according to the ASTM D4972 protocol for the determination of pH-H,O. These
measurements were carried out using the PHS-38W Bante instrument. The mineralogical
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characterization of the soil and sediment crystalline phases was performed via X-ray
diffraction (XRD) using a Bruker D2 Phaser diffractometer equipped with a Cu K« radiation
X-ray tube (monochromatic radiation, A = 1.5406 A), operating at 30 kV and 10 mA. Powder
diffractograms were obtained in the 4-70° 20 range, using a 1° divergence slit, scanning at
1° 20 /min. The mineral identification was carried out according to previous works [28,29],
and the mineral proportions were estimated through semi-quantification based on peak
areas [30,31], calculated and weighted by empirically estimated factors [32,33]. Given the
uncertainties involved in the semi-quantification method, the results obtained should only
be taken as rough estimates of the mineral percentages.

The actinide and lanthanide concentrations in soils and sediments were determined
at Actlabs Ltd. (ANCASTER, Canada) by the means of Instrumental Neutron Activation
Analysis (INAA) and ICP-MS. The detection limits are 0.1 mg/kg for the trace elements (Th,
and U), and from 0.05 mg/kg for Eu to 0.1 mg/kg for La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu. In this work, the REE were divided into three groups, whereby [34]:
(a) La through to Nd are considered light rare earth elements (LREEs), (b) Sm to Ho are
called middle rare earths (MREEs), and (c) Er through to Lu are named heavy rare earths
(HREES). The Ce and Eu anomalies were determined based on [35].

4. Results
4.1. Water Samples
4.1.1. Physical-Chemical Parameters

The field parameters obtained for the three water samples collected in the Quinta do
Bispo old uranium mine, as well as the chemical composition, are shown in Table 1. The
pH values of waters range between 5.08 and 7.77, with the more acidic sample in the open
pit. The highest Eh, EC, and TDS values also correspond to the open-pit sample (QB-4w).
The groundwater collected upstream of the open pit (QB-11w) has the lowest values of EC
and TDS.

Table 1. Physical-chemical parameters and dissolved trace element concentrations of the water
samples collected inside and outside the Quinta do Bispo old uranium mine (Viseu, Portugal) (TDS,
OD are expressed in mg-L~! and trace elements in pg-L.~!; XLREE corresponds to the sum of La, Ce,
Pr, and Nd dissolved concentrations; XMREE are the sum of Sm, Eu, Gd, Tb, Dy, and Ho; ZHREE are
the sum of Er, Tm, Yb, and Lu dissolved concentrations); normalized values of PAAS are denoted
with the subscript N.

Inside the Mine Area Outside the Mine Area
QB-11w QB-7w
( O%g;:hl,’vi " (Upstream of the (Downstream of the
Open Pit) Open Pit)
pH 5.08 7.77 6.31
Eh (V) 0.53 0.35 0.20
OD 9.84 10.7 5.98
EC 954 81.0 276
Temp 16.2 16.2 14.8
TDS 620 52.0 179
u 404 2.73 0.63
Th 0.003 0.009 0.007
La 1.80 0.06 0.04
Ce 4.49 0.07 0.05
Pr 0.66 0.02 0.008
Nd 3.11 0.07 0.043
Sm 0.96 0.03 0.01
Eu 0.58 0.007 0.002

Gd 1.43 0.01 0.02
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Inside the Mine Area Outside the Mine Area
QB-11w QB-7w
( O%E:llv’vit) (Upstream of the (Downstream of the
Open Pit) Open Pit)
Tb 0.29 0.005 0.002
Dy 1.57 0.03 0.01
Ho 0.29 0.006 0.003
Er 0.72 0.02 0.01
Tm 0.09 0.003 0.002
Yb 0.50 0.02 0.02
Lu 0.07 0.002 0.004
Th/u 7.46 x 1070 0.003 0.01
(Ce/Ce*)* 0.947 0.54 0.64
(Eu/Eu*)* 2.30 1.81 0.73
(La/Sm)y 0.28 0.36 0.53
(La/Yb)n 0.27 0.24 0.13
YLREE 10.1 0.22 0.14
>MREE 5.11 0.08 0.05
>HREE 1.37 0.04 0.04
>REE 16.5 0.34 0.23

*(Ce/Ce*) = {CeN/ \/m]; *(Eu/Eif) = {EuN/\/W}, where N is the REE values after

normalization according to PAAS [35].

4.1.2. Actinide and Lanthanide Behavior

The U, Th and }_REE dissolved concentrations in the water samples inside the mine
area (QB-4w, QB-11w) are between 2.73 and 404, 0.003 and 0.009, 0.03 and 16.5 ug-L’l,
respectively (see Table 1). In contrast, the water sample collected downstream of the open
pit (QB-7w) has the lowest }_ REE and U dissolved concentration in comparison with the
water samples taken inside the mine area. The highest U and REE dissolved concentrations
correspond to sample QB-4w (open pit). Regarding the Th/U ratio, lower values have
been reported in the water samples collected inside the mine area, while QB-7w has the
highest ratio.

The REE patterns of the water samples (dissolved concentration) normalized according
to Post-Archean Australian Shale (PAAS) [36] are shown in Figure 2. A general enrichment
of the HREE relative to the LREE is observed. The water from the open pit (QB-4w) presents
the highest REE contents and a positive Eu anomaly. The groundwater collected upstream
of the open pit (QB-11w) shows negative Ce and Gd anomalies. In general, the water
collected in the Castelo river (QB-7w), outside the mine area, has the lowest REE contents,
a negative Ce anomaly and a slight Gd positive anomaly.

A direct relation between Th dissolved concentration with the pH is observed (Figure 3a),
while an inverse relation between U relative to pH seems to occur in the water samples
(Figure 3b). In fact, for lower pH values (/25), observed in sample QB-4w, higher U, } LREE,
Y MREE, and ) _'HREE dissolved concentrations were observed. The samples with pH values
6-8 have a lower and more stable dissolved concentration of these elements (Figure 3b—e).



Geosciences 2023, 13, 168

7 of 17

Water Samples
0.0500

- QB-4w
-@- QB-Tw
B QB-11w

0.0050

0.0005 A B
/ - A""ﬁ““&‘-»ﬁ,
X ‘--ﬁAMA

565 At

Samples / PAAS
b=

SE-6

SE-7

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2. The REE patterns of the water samples from the Quinta do Bispo old uranium mine, Viseu
(Portugal) normalized according to PAAS.

4.2. Soil and Sediment Samples
4.2.1. Physical-Chemical Parameters

The physical-chemical parameters, and the actinide and lanthanide concentrations
determined for the soil and sediment samples from the Quinta do Bispo old uranium mine
are shown in Table 2.

Table 2. Physical-chemical parameters and trace element concentrations of the soil and sediment
samples collected inside and outside the Quinta do Bispo old uranium mine area (Viseu, Portugal)
(trace elements are expressed in mg/Kg; n.d. not detected; }_ LREE are the sum of La, Ce, Pr, and Nd
concentrations; ) MREE are the sum of Sm, Eu, Gd, Tb, Dy, Ho; }_ HREE corresponds to the sum Er,
Tm, Yb, Lu; normalized values are denoted with the subscript N).

Soils and Sediments Collected Inside the Mine Area Soils and Sediments Collected
Waste Rocks Surrounding the Open Pit Outside the Mine Area
Type Soil Samples Sediment Soil Samples Sediment Soil Samples
QB-1 QB-2 QB-3 QB-10 0QB-4 SED QOB-5 QB-6 0OB-8 QB-9 QB-7 SED QB-7 QB-12

pH 4.79 5.12 4.58 4.60 8.58 5.61 5.07 5.95 4.22 4.73 491 4.94
Eh (V) 0.33 0.32 0.34 0.34 0.16 0.29 0.32 0.28 0.36 0.34 0.33 0.33
U 139 62.1 166 55.4 394 13.6 8.30 637 222 12.2 17.8 53.7
Th 8.80 19.6 15.9 25.1 17.9 35.3 8.70 10.1 21.2 19.8 7.80 30.4
La 28.1 51.0 524 51.1 35.6 58.8 16.7 414 47.7 15.8 415 60.2
Ce 61.2 103 112 102 75.3 119 37.8 85.5 94.3 33.1 86.0 124
Pr 6.90 11.6 13.0 11.8 8.50 14.0 4.00 10.3 10.6 3.70 9.50 14.0
Nd 27.6 44.6 53.7 445 32.6 54.8 15.4 425 40.0 13.3 36.0 54.5
Sm 5.30 8.60 9.10 8.20 5.80 9.10 2.80 8.80 6.40 2.60 6.80 10.7
Eu 1.09 0.90 1.80 0.96 0.67 0.86 0.38 2.58 0.86 0.41 0.74 0.85
Gd 450 6.60 7.90 6.40 4.80 7.50 2.40 10.4 5.60 2.00 5.10 7.00
Tb 0.60 0.70 0.80 0.70 0.60 0.80 0.30 1.50 0.60 0.20 0.60 0.70
Dy 3.20 3.80 4.00 3.70 3.00 4.80 1.70 9.10 3.30 1.20 3.00 3.80
Ho 0.50 0.70 0.60 0.60 0.50 0.80 0.30 1.60 0.60 0.20 0.50 0.60
Er 1.40 1.50 1.40 1.50 1.30 2.20 0.90 4.00 1.40 0.60 1.30 1.60
Tm n.d. n.d. n.d. n.d. n.d. 0.30 n.d. 0.50 n.d. n.d. n.d. n.d.
Yb 1.30 1.40 1.20 1.40 1.30 2.00 0.90 2.90 1.30 0.60 1.20 1.50
Lu n.d. n.d. n.d. n.d. n.d. 0.30 n.d. 0.40 n.d. n.d. n.d. n.d.
Th/U 0.06 0.32 0.10 0.45 0.45 2.60 1.05 0.02 0.95 1.62 0.44 0.57
(Ce/Ce*)* 1.01 0.97 0.99 0.95 0.99 0.95 1.06 0.95 0.96 0.99 0.99 0.98
(Ew/Eu*)* 0.98 0.53 0.94 0.58 0.56 0.46 0.65 1.19 0.63 0.55 0.79 0.43
(La/Sm)y 0.78 0.87 0.85 0.92 0.90 0.95 0.88 0.69 1.10 0.90 0.90 0.83
(La/Yb)n 1.59 2.68 322 2.69 2.02 2.17 1.37 1.05 2.70 1.94 2.55 2.96
YREE 142 234 258 233 170 275 83.6 221 213 73.7 192 279
YXLREE 124 210 231 209 152 247 73.9 180 193 65.9 173 253
YXMREE 15.2 21.3 24.2 20.6 15.4 23.9 7.88 34.0 17.4 6.61 16.7 23.7
YHREE 2.70 2.90 2.60 2.90 2.60 4.80 1.80 7.80 2.70 1.20 2.50 3.10

*(Ce/Ce’*) - [CeN/\/m]; *(Eu/Eu*) = {EMN/\/W}, where y is the REE values after

normalization according to PAAS [35].
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Figure 3. Actinide and lanthanide dissolved concentration in relation to the pH in the water samples
from the Quinta do Bispo old uranium mine, Viseu, Portugal. (a) Th vs. pH; (b) U vs. pH; (c) XLREE
vs. pH; (d) XMREE vs. pH; and (e) ZHREE vs. pH.

The pH of the soil and sediment suspension for most of the studied samples is acidic,
with the exception of the sediment collected inside the open pit (QB-4 SED), which is
alkaline (see Table 2). The soil samples collected inside the mine area and taken from
the waste rock pile exhibited pH and Eh values between 4.58 and 5.12, and 0.32 and 0.34,
respectively. Moreover, the soil samples collected surrounding the open pit (inside the mine
area) showed pH and Eh values varying from 4.22 to 5.95, and 0.28 to 0.36, correspondingly.
The highest pH value of all the soil samples collected inside the mine area corresponds to
QB-8, while the highest Eh value was found in QB-9. Concerning the soil samples collected
outside the mine area, the pH and Eh values are similar (around 4.90 and 0.30, respectively).
On the other hand, the sediment collected outside the mine area (QB-7 SED) has a lower
pH (4.73) and higher Eh (0.34) values when compared with the sediment collected inside
the mine area.
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4.2.2. Mineralogy

The XRD results enhance the differences on the mineralogical assemblage of the sam-
ples according to their nature and location. The identified mineral phases are shown in
Table 3 and are placed in the descending order of their proportion in the different samples
(from the most to the least abundant). Silicates (quartz, feldspars, plagioclase, phyllosili-
cates) are the mineral phases common to all samples in varying amounts. Alongside that,
a variety of accessory minerals occur. In the soil samples QB-1 and QB-3 from the waste
rocks, uranium mineral phases (torbernite, uraninite, fourmarierite, and autunite) and
traces of hematite and rutile were also detected. In the soil sample QB-10, traces of alunite
were found. The soils surrounding the open pit also reflect the heterogenous mineralogical
composition, with the occurrence of traces of calcite in sample QB-6, plumbogummite in
QB-5, and torbernite and traces of thorianite (syn) in QB-8.

Table 3. Mineralogical composition of soil and sediment samples collected inside and outside the
Quinta do Bispo old uranium mine area (Viseu, Portugal).

Location Sample Mineralogical Composition Sample Type

QB-1 K-feldspars, quartz, plagioclase, phyllosilicates,

torbenite, uraninite, hematite = 2

T Y

QB-2 Quartz, K-feldspars, plagioclase, phyllosilicates £ 8

g8

QB-3 Quartz, phyllosilicates, autunite, plagioclase, = 2]

K-feldspars, fourmarierite, rutile ; i

QB-10 K-feldspars, quartz, plagioclase, s

phyllosilicates, alunite

QB-4SED  K-feldspars, quartz, plagioclase, phyllosilicates, calcite

K-feldspars, quartz, phyllosilicates,

Soil and sediment samples collected
inside the mine area

2 2
c .=
- 27T g
QB-5 plagioclase, plumbogummite g E %
QB-6 Plagioclase, quartz, K-feldspars, phyllosilicates, calcite E % .g
QB-8 Quartz, K-feldspars, phyllosilicates, plagioclase, & E i
thorianite, torbenite % 5] s
QB-9 Quartz, K-feldspars, plagioclase, phyllosilicates °7g
g
-’ QB-7 Quartz, K-feldspars, plagioclase, phyllosilicates
]
v
Eo g
Y
§ T e QB-12 Quartz, K-feldspars, phyllosilicates, plagioclase
< =g
R
= 8=
- QB-7 SED Quartz, K-feldspars, plagioclase,
g phyllosilicates, thorogummite
2]

The two soil samples collected outside the mine area have different geological contexts,
one developed in a granitic geological background (QB-12) and the other one in an alluvial
context (QB-7). These soil samples have a similar mineralogical composition, mainly
comprising quartz, K-feldspars, plagioclase (albite), and phyllosilicates. In addition, the
stream sediment QB-7 SED has traces of thorogummite (see Table 3).

4.2.3. Actinide and Lanthanide Behavior
The U and Th concentrations in the soil samples from the waste rock piles inside
the mine area (QB-1, QB-2, OB-3, and QB-10) range between 62.1 and 166, and 8.8 and

25.1 mg/kg, respectively. Additionally, the ) REE concentration in these samples is from
142 to 258 mg/kg. Sample QB-3 has the highest } LREE, ) MREE, and ) REE, while QB-2



Geosciences 2023, 13, 168

10 of 17

and QB-10 have the highest ) ' HREE concentration. The Th/U ratio in this group of samples
ranges from 0.06 to 0.45, where the lowest values were found in QB-1, while the highest
values were reported in QB-10.

Regarding the soils collected surrounding the mine area (QB-5, QB-6, QB-8, and
QB-9), their U and Th concentration are between 8.3 and 637, and 8.70 and 35.3 mg/kg,
correspondently, where QB-8 has the highest U concentration and QB-6 shows the lowest
Th and U concentrations. Furthermore, the ) REE concentration in this group of samples
ranges from 83.6 to 275 mg/kg. Although the highest } REE was found in QB-5, sample
QB-8 shows the highest ) MREE and ) HREE concentrations. In addition, the Th/U ratio
in these samples is in the range of 0.02 to 2.60, and the highest value corresponds to QB-5.
Concerning the sediment from the open pit (QB-4 SED), the U, Th, and }_REE concentrations
found (39.4,17.9, and 170 mg/kg) are similar to ones found for the soil samples collected
inside the mine area.

In the samples collected outside the mine area, the soil sample QB-12 has the highest U,
Th, and Y REE concentration (see Table 2). The Th/U ratio is between 0.44 and 0.57, of which
the highest value corresponds to QB-12. In addition, the sediment sample from outside the
mine area (QB-7 SED) exhibits lower U and }_REE concentrations when compared with the
sediment collected inside the mine area.

The results obtained for the ratio (La/Yb)y have a diversity of values inside the mine
area, in which the ratios ranged between 1.59 and 3.22 for the soil samples from waste rock
piles, and 1.05 and 2.70 for the soils surrounding the open pit. QB-12 exhibits the highest
ratio (2.96) in the soil samples collected outside the mine area. Regarding the sediment
samples, QB-4 SED has a slightly higher ratio (La/Yb)y in comparison with QB-7 SED. On
the other hand, the result from the ratio (La/Sm)y did not exhibit a huge variability in the
samples. For instance, the highest ratios in the soil samples collected inside (including the
waste rock) and outside the mine area were found in QB-9 (1.10) and QB-12 (0.83).

The PAAS-normalized REE profiles of the soil samples from the waste rock piles
revealed an overall fractionation pattern in general, with an enrichment of LREE and MREE
when compared to the HREE (Figure 4), particularly in sample QB-3 ((La/Yb)yn = 3.22).
Subgroup 2 of the waste rocks shows a different REE pattern, with negative Eu anomalies
(Eu/Eu* = 0.5), which are the typical features of the REE distribution of regional granites,
and a similar enrichment of LREE-relative HREE ((La/Yb)n = 2.7).

Waste rock - subgroup 1 Waste rock - subgroup 2
26 ] 26
22 1 22

18

R {
‘0/9*—*6*9/ \ {
14l o—o— Y ] 14

T TR N

< 2 mm fraction / PAAS
< 2 mm fraction / PAAS

=4 Tt
4 QB-1 -A- 0B-2
<- QB3 & GB-10
02 02
La Ce Pr Nd S8m Eu Gd Tk Dy Ho Er Tm Yb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
(a) (b)

Figure 4. REE patterns of the whole samples of soils collected inside the mine area, on the waste
rock piles from the Quinta do Bispo old uranium mine (Viseu, Portugal) relative to PAAS [36]:
(a) subgroup 1 (QB-1 and QB-3); and (b) subgroup 2 (QB-2 and QB-10).

Concerning the samples collected inside the old mine but surrounding the open pit,
the REE patterns of the four soil samples and the sediment sample QB-4 SED are given in
Figure 5. These samples show negative Eu anomalies (Eu/Eu* = 0.46-0.65, average= 0.58),
except for QB-8 that has a slight positive Eu anomaly (Eu/Eu* = 1.19) and an enrichment of
MREE relative to LREE ((La/Sm)y = 0.69) and HREE. Moreover, sample QB-6 is depleted
in all REEs, has a lower fractionation and a slightly positive Ce anomaly (Ce/Ce* = 1.06).
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Inside the mine area

-4~ QB-4 SED
-8 QB-5

- QB-6
¥ QB-8
—4- QB-9

0.6

< 2 mm fraction / PAAS

02

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5. REE patterns of the soil and sediment samples collected inside the Quinta do Bispo old
uranium mine, surrounding the open pit (Viseu, Portugal), relative to PAAS.

The REE patterns of the two soils and one stream sediment collected outside the
mine area show the typical features of the surrounding granitic geological background,
showing a relative enrichment of LREE relative to MREE ((La/Sm)y = 0.83-0.90) and a
strong negative Eu anomaly (Eu/Eu* = 0.43-0.79) (Figure 6). In addition, the two soil
samples have a higher fractionation ((La/Yb)N = 2.55-2.96), while the stream sediment
(QB-7 SED) exhibits the lower fractionation and is depleted in REESs, particularly HREEs.

Outside the mine area

26
22 -©- QB-7 SED
18 -~ QB-7
-3 QB-12
1.4
(%)
<
E 1.0
=
L
S
@
= 08
€
15
™~
v
0.2
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb

Figure 6. REE patterns of the soil and stream sediment samples collected outside the Quinta do Bispo
old uranium mine (Viseu, Portugal), relative to PAAS.

The chemical results obtained for the soil samples collected inside the mine area on the
waste rock piles do not show a clear relationship between U, Th, XLREE, EZMREE, XHREE,
and pH values. However, in these samples, the one with lowest pH value (QB-3) has the
highest >LREE and XMREE concentrations. In addition, the sample with highest pH value
(QB-2) among these shows the lowest U concentration and a higher “HREE concentration
(Figure 7).
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Figure 7. Relation between the chemical composition of the soils and sediments, and the respective pH
for the samples collected inside and outside the Quinta do Bispo old uranium mine (Viseu, Portugal):
(a) U vs. pH; (b) Th vs. pH; (c) ZLREE vs. pH; (d) XMREE vs. pH; (e) ZHREE vs. pH.

In the soil samples collected in the area surrounding the open pit, no relationship
between the chemical results and pH values was found (see Figure 7). Nevertheless, sample
QB-8 has a higher U, XMREE, and ~XHREE concentration and a higher pH value.

Concerning the sediment sample collected inside the mine area (QB-4 SED), this
sample has the highest pH value of all the samples taken inside the mine area, but the
chemical contents obtained are lower than some soil samples (QB-6 and QB-5).

The soil samples collected outside the mine area (QB-7 and QB-12) exhibit similar pH
values, but the lanthanide and actinide concentrations vary significantly. Additionally, the
sediment sample taken outside the mine area has lower pH values and lower chemical
concentrations in comparison with the other sediment sample (see Figure 7a—e).

When the soil samples are studied considering the pH values and not the location, as
described previously, a tendency for higher Th contents with the increase in pH appears to
be found in some samples, such as QB-9, QB-10, QB-12, and QB-5, or in QB-3, QB-7, and
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QB-2 (see Figure 7b). Regarding the REE, high values of XLREE were found for the sample
with the highest pH, and samples with similar pH values preserve an analogous chemical
behavior despite the location of the samples (Figure 7c). On the other hand, the ZMREE
and XHREE (Figure 7d,e) samples with a pH below 6 are gathered and have similar REE
contents. The only exception is sample QB-8, where the XMREE and ~HREE concentrations
are higher.

5. Discussion

When regarding the studied parameters for the water samples (pH, EC, OD, TDS) in
the Castelo river and the groundwater (inside the mine area), the samples are not affected
by the open pit, since their physical-chemical conditions are completely different to the
ones found for the QB-4w sample. Concerning the relation between Th and U, the water
samples have much higher concentrations of U with respect to Th (see Table 1), which is
certanly due to the lower mobility of the Th in aqueous media as a result of the pH variation,
oxidation-reduction conditions, and the complex formation with inorganic ions such as
hydroxide, carbonate, phosphate, and organic matter [37]. In addition, when the thorium
is found as thorite (ThSiOy) in sediment samples, its solubility in water is very low [37].
This behavior was also found in this study, which can be explained by the presence of
thorogummite (thorite group) in the sediment collected outside the mine area (QB-7 SED).

On the other hand, a strong relation between the REE and U concentrations in the
water samples seems to occur. This is very clear in the sample from the open pit (QB-4w),
where the U and REE dissolved concentrations are significantly higher when compared
to the other two water samples (Figure 3b). This behavior can be related with the lower
pH in this sample that enables the dissolution and mobility of metals, which could lead
to the formation of more soluble metal ions and increase the activity of the water [38,39].
In addition, the relation between REE and Th dissolved concentration is not clear, which
might be due to the lower mobility and solubility of Th in the aqueous system.

Concerning the REE anomalies, the positive Eu anomaly found in the QB-4w sample
is in accordance with the respective sediment (QB-4-SED), which shows a negative Eu
anomaly, typical of the granitic rocks [40]. Regarding the groundwater sample (QB-11w),
the REE pattern is similar to one found around the world, with a negative Ce anomaly
and positive Eu anomaly, as already reported [41,42]. The negative Ce anomaly results
from the oxidation state of the water and the lower solubility of Ce** relative to Ce3",
and it depends on the weathering processes, pH, redox conditions, complexing ligands,
and hydrogeological factors [42]. The REE pattern of the water from the Castelo river
(QB-7w), differs from the groundwater mainly in the Eu anomaly and the slightly higher
HREE contents. The river waters have been studied by several authors [42—46], and similar
behaviors to the QB-7w were described, confirming the “natural” source of this water,
unaffected by the old mine.

Concerning the soil samples, a general enrichment of REE is observed when the values
were normalized to PAAS, which might be explained by the weathering conditions that lead
to a higher REE mobilization and incorporation in newly formed crystalline or amorphous
phases. However, QB-1 (the sample collected in the waste rock pile) and QB-6 (the soil
sample collected surrounding the mine area) are depleted in REE relative to the PAAS
concentration, which can be due to the REE retention in primary minerals, which is resistant
to the weathering processes, as reported is previous studies [47-49].

Regarding the actinides, the variations in the U contents within the soil samples can be
due to different U contents of ore-processing residues, or the remobilization and trapping
of U within the tailings. However, the U concentration is generally higher than Th in all
samples, with the exception of QB-5. Moreover, the variations in U contents are larger
than the Th in the soil samples, which might suggest that U was remobilized under the
weathering conditions after the deposition of the tailings, but also evidence of the lower
mobility of Th during the weathering processes, and its distribution is essentially controlled
by the accessory minerals, as mentioned before [48].
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In particular, the soil samples collected inside the mine area (including samples from
the waste rock piles and surrounding the open pit) have higher U contents and show a
relevant diversification of uranium mineral phases (torbernite, uraninite, autunite, and
fourmarierite), thus presenting diverse REE signatures, as previously found [50]. The
evidence of REE incorporation in uranium oxides, such as uraninite, and a negative Eu
anomaly related to the early fractionation of plagioclase was already reported [51-54]. An
enrichment of LREE relative to HREE with the REE fractionation, as evidenced by the
high (La/Yb)y and a lower ratio Th/U, was observed in almost all samples, which may
be related to the presence of the secondary uranium mineral phases (autunite, torbenite).
However, the soil QB-8 (sample collected surrounding the open pit) has the highest MREE
and HREE contents, which can be due to diverse factors such as the location of the sample
(collected in the old course of an old water line within the mine area, in an intersection of
two geological faults) (see Figure 1). This could contribute to the presence of heavy minerals
as zircon that cannot be detected easily by XRD, but have been reported by other authors
in the study area [23,50]. In addition, QB-5 also implies an enrinchment in LREE relative to
HREE, but the high Th/U ratio and a strong negative Eu anomaly (Eu/Eu* = 0.46) can be
due to the incorporation of LREE into the plumbogummite, as was evidenced in previous
work [55]. Additionally, soil samples with the typical mineralogical composition of igneos
rock (QB-2, QB-10, QB-9) and negative Eu anomalies (Eu/Eu* range from 0.53 to 0.63) show
REE patterns characteristic of the geological background (granite). In fact, the waste rock
piles from the Quinta do Bispo mine have geochemical heterogeinety showing different
oxidation states and diferent rock sizes. The diferences found between the soil samples
might be explained by the contribution of the different surrounding geological background,
in addition to different weathering processes.

Despite their different geological background (QB-7-alluvial; QB-12-medium granite),
the soil samples collected outside the mine area (QB-7 and QB-12) show a strong relationship
between the mineralogical and chemical composition (actinides and lathinides), as well as
the physical-chemical parameters (pH), REE fractionation, and the sligth variability in the
Th/U ratio. This behavior can be explained by the influence of the granitic unit into the
alluvial unit during its deposition.

The sediments collected outside and inside the mine area show similar REE patterns
when normalized to PAAS, and the REE concentration in these sediments is lower in
comparison with the sediment collected in Europe [39]. In fact, both samples have a
negative Eu anomaly (Eu/Eu* = 0.56) and REE fractionation, described by the (La/Yb)n
values (between 1.94 and 2.02). In addition, QB-4 SED (sediment from the open pit) shows
slightly higher REE concentrations and a lower Th/U ratio than QB-7 SED (sediment
collected in Castelo River outside the mine), which can be explained by the diversity of
the waste rock accumulated in the open pit after the mining activity and the different pH
values of both samples, that might enable the formation of minerals such as thorogummite.

6. Conclusions

The water, soil, and sediment samples collected inside (including samples from the
waste rock piles and surrounding the open pit) and outside the Quinta do Bispo old
uranium mine area show diverse behavior due to the geological background of the area
where the samples were collected, their mineralogical phases (uranium and iron oxides,
lead, uranium, and iron phosphates), and physical-chemical parameters (pH and Eh),
which play an important role in the actinide and lanthanide behavior in this uranium
environment.

The samples collected inside the mine area exhibit a heterogeneity of behaviors that
could be related with the open-pit extraction and ore-process operation that have been
used over time, and the exposure of the geological material to atmospheric conditions.
Furthermore, the oxidation reaction of waste rock, followed by water infiltration and
percolation, favoring drainage and the transfer of dissolved solutes into the environment,
is of major relevance. These factors could have influenced the geochemical behavior of
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actinides and lanthanides, and favored processes such as secondary mineral formation
and adsorption, reducing the mobility of solutes and promoting internal retention in the
soils and sediments. In contrast, the samples collected outside the mine area evidenced the
influence of the parental material (mainly granitic rocks) and the stability of the primary
minerals, since the chemical contents are in general lower than in the samples collected
inside the mine area.

Despite a small number of samples having been collected, the approaches applied
in this study of water, soils, and sediments of the Quinta do Bispo mine area contribute
to a better knowledge of actinide and lanthanide geochemistry and behavior in uranium
mining areas.
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