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Abstract: Uranium and thorium are toxic in different environments. The exploitation of uranium
mines and associated mine drainage leaching towards streams, sediments, and soils cause relevant
pollution. The U-mine areas present high concentrations of potentially toxic elements with several
consequences to ecosystems and human health. Physicochemical and potentially toxic elements of
mine dumps, stream sediments, and soils from the Canto Lagar uranium mine area (Central Portugal)
were analyzed. Stream sediments, soils, and mine dumps show a large range in the concentration
values of Fe, U, As, Cu, Zn, Pb, and Th, suggesting geological and mine contributions. Most of the
selected potential toxic elements from sediments present a low to moderate contamination degree,
except for As, W, and U, which vary between high and very high contamination index. The soils must
not be used in agricultural or residential activities due to contamination in As and U. This abandoned
mine represents an environmental risk due to the spatial mobility and dispersion of potentially toxic
elements from the dumps to the sediments and soils, as well as by surface runoff and wind.
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1. Introduction

The metal uranium (U) is toxic due to its chemical and radioactivity. However, its chemical toxicity
is harmful to human health, while thorium (Th) is considered only radiotoxic. The biochemical toxicity
of U has a higher danger than that resulting from its radioactivity, by six orders of magnitude [1].
The uranium mines, with associated open-pits and dumps, promote the leaching of uranium to streams,
sediments, and soils. This uranium mobility causes relevant pollution to surface and groundwater,
sediments, soils, and humans. Different areas of closed U-bearing mines are potentially dangerous to
the environment and human health due to high uranium concentrations. Uranium can be mobilized
from mine dumps to water (surface and groundwater), sediments, and soils.

Uranium is a toxic metal that causes kidney disease and increases the risk associated with
reproductive cancers and human fertility problems [2]. In areas with uranium-contaminated sites,
this metal could enter the human food chain by water (surface and groundwater) and/or from soil to
plants, and consequently to animals. In mining areas, some metals, like uranium, being transferred
from mine dumps to sediments and soils, by water drainage and atmospheric deposition processes,
constitute a major issue concerning soil pollution [3].

The human health hazards associated with the radionuclides depend on their ability to accumulate
in human tissues [4].
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In Europe, uranium mines overtook the maximum exploitation rate, particularly during the
period 1960-1990, and consequently a U depletion of the deposits occurred and the mines ceased their
activities [5]. As a result, in the European Union, there are about 150 uranium mines, particularly
concentrated in the eastern region of Europe [6,7]. These uranium mines present several millions of
tons of tailings and associated mine wastes [8]. However, the effect of naturally occurring radioactive
material (NORM) and the impact of solid waste on human health are not understood [9]. There are
abandoned mines in France [10], Poland [11], Portugal [12], the United Kingdom [13], and Spain [14],
where workers and citizens are exposed to human health risks. In Portugal, more than 60 uranium
mines were developed, including underground and/or open-pit mines. These mines were included in
a national program, and were strongly associated with the collaboration with the United Kingdom
Atomic Energy Authority, to provide uranium materials for nuclear armament support during the
Cold War in the late 1940s [15]. There are uranium deposits from Portugal that were also used in the
nuclear industry in the United States [16].

Risk assessments of soil contamination with NORM are very important, particularly for young
children, due to soil ingestion whether purposefully or inadvertently [17].

The abandoned uranium mine of Canto do Lagar is located in the center region of Portugal.
The mine area includes two dumps with deposited rejected materials and an open pit filled with
rainwater. The main subject of this paper is the evaluation of U and Th mobility, and associated trace
elements, through the mine dump’s materials, stream sediments, and soils. The obtained results allow
for the assessment of mobility processes from different solid reservoirs and the potential contamination
associated with the old mine and background enrichment from the region.

2. Materials and Methods

The exploitation of the uranium mine from Canto do Lagar produced about 12.4 tons of tri-uranium
octoxide (U30g), during 1987-1988, in an open pit. The geology mainly comprises coarse-grained
granite rock, with two micas (higher biotite amounts than muscovite).

The uranium mineralization is represented by two brecciated areas, with an average direction
N30°E, which is parallel to the coarse-grained porphyritic granite. The uranium deposit has a width of
approximately 10 m and is silicified, sericitized, and reddish jasperized. The gaps are accompanied
by two thin veins of white quartz, orientated 70° to 80° WNW, with iron and jasper enrichment,
containing minerals of chalcedony, red jasper, and opal. The uranium deposit is associated with quartz
veins containing secondary phosphates of uranium-autunite and torbernite. The mine is abandoned.
The rejected materials (1,000,000 tons) were deposited in two dumps (Figure 1a), and a lake, with an area
of about 5000 m? (Figure 1b), formed in the open pit. All these materials are exposed to atmospheric
agents, which constitute a possible source of contamination for agricultural soils and water lines in
their surroundings.

The area presents rural features, including abundant vegetation, containing dominantly Pinus
and underbrush. Agricultural areas are located around the abandoned mine, dominated by olive
groves, chestnut trees, and vineyards with pine trees and pastures (Figure 1c,d). The water from the
S. Paio river is used for the irrigation of agricultural products (Figure le), and the water is extracted
from wells located on the riverbanks (Figure 1f). Surface water drainage occurs at the S. Paio stream,
which is located around 200 m on the northwest from the Canto Lagar area, an affluent of the left
margin from Mondego River, at 1000 m NNW of the abandoned mine area. The surface relief is
smooth, with altitudes ranging from 300 to 380 m, where the abandoned mine with dumps and open
pit is located.

The Canto Lagar region has a warm and temperate climate of the Csb type in the classification of
Koppen and Geiger [18]. The annual average precipitation is 134 mm. The winter season registers a
higher amount of precipitation than summer, with a difference of about 236 mm rainwater between the
wettest and driest months. Generally, the wet period occurs from October to May, and the average
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annual temperature is 13.8 °C, according to the registration of the meteorological station from Gouveia,
in the center of Portugal [19].

Figure 1. Images illustrating the old abandoned mine area of Canto Lagar (Central Portugal): (a) mine dumps;

(b) open pit; (c) pasture areas; (d) agricultural activities in the S. Paio stream margin; (e) S. Paio stream;
(f) well located in the stream margins.

In the study area, a total of 16 dump samples, collected in two different mine dumps, 14 stream
sediment samples, and 40 samples of soil were selected. The sediment samples were located in the
active stream-bed along the S. Paio stream (7 samples), in the seasonal tributary which traverses the
mine dumps (4 samples), and also three samples were located upstream of the mine site. The soil
sample of each point was represented by a homogenized mixture of three subsamples from the same
local area. Soil samples from the study area were also collected upstream of the mine influence area
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(7 samples), which represent the natural background and allow to evaluate the mobility of the metal
due to the abandoned mine’s activities.

The stream sediments and soils were collected at a 20 to 30 cm depth from the surface and carried
out in clean containers of polyethylene to the Chemical Laboratory of the Department of Earth Sciences,
University of Coimbra (Portugal). All samples were placed in an oven (temperature of 40 °C) to dry,
and after that were disjointed using a rubber hammer. The disaggregated samples were sieved using a
sieve of nylon with a 2 mm diameter. The water parameter (pH) was determined using a suspension
solution of solid and water, with a ratio of 2.5 from liquid/solid [20]. The water physicochemical values
of electrical conductivity (EC) were also obtained using a suspension solution of solid and water, with a
ratio of 2.5 [21].

All sample fractions <250 um were chemically attacked using a solution of aqua regia (3 HCI:1 HNO3)
and filtered by a filter with a 2 um diameter. Selected metals, metalloids, and rare earth elements (REEs)
were detected using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), with a
Horiba Jobin Yvon JV2000 2 spectrometer. In each batch of 26 samples, a duplicate of the blank sample
and an internal laboratory standard sample were analyzed. The soil laboratory standard was also
chemically attacked by aqua regia solution, and the obtained results were compared with the certified
BCR-143R sewage sludge amended soil (Table 1). The detection limit of each element was calculated
from the signal of a blank sample, and the analytical differences were obtained by the signal from each
half-second interval of the sample [22].

The detection limit of each element was obtained in mg/L and had to be converted to mg/kg with
the following expression:

Detection Limit = (X X 0.1)/m, where “X” corresponds to the Detection Limit obtained by the
analytical equipment, in mg/L, and “m” represents the average heavy masses of the samples, in kg.

Table 1. References for accuracy and precision of obtained results.

Accuracy Precision
Concentration Relatively — — n 2
= |1oC; — X, (1gCi-IgC,
to Detection Limit (DL) AIgC = JIgCi —I8Cs A= %
<3DL <0.024 0.031
>3 DL <0.015 0.018

a—standard average values of BCR;, in sediments, soils, and mine dumps; C;,—standard average values of BCR;
Cs—value recommended for standards BCR; n—total samples inserted in the sample pack.

3. Results and Discussion

3.1. Geochemistry of Stream Sediments and Soils

The average, median, and standard deviation of physicochemical parameters, potentially toxic
elements, and rare earth elements concentrations from stream sediments, soils, and mine dumps from
the Canto Lagar area are presented in Table 2.

Almost all of the element contents detected in stream sediments, soils, and mine dumps showed a
huge variation, with values up to Fe—42,559 mg/kg, U—4541 mg/kg, As—171 mg/kg, Cu—171 mg/kg,
Zn—157 mg/kg, Pb—71 mg/kg, and Th—63 mg/kg, associated with the natural environment but also
with the mine contribution. The highest As, U, Pb, and Th were found on the mine dumps. Otherwise,
the highest REE (417.5 mg/kg), Zn (134.9 mg/kg), Cu (171.4 mg/kg), Cs (61.5 mg/kg), Ba (59.7 mg/kg),
and Ni (19.5 mg/kg) contents occurred in soils and reflect the geogenic influence, associated with the
background lithologies cropping out of the area.
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Table 2. Physicochemical, potential toxic elements, and rare earth element concentrations of stream sediments, soils, and mine dumps from Canto Lagar.

pH EC oM Fe Mn Cr Cu Zn As Cs Zr Ba REE W Pb Th U
uS/ecm % mg/kg
Median 6.04 2260 167 185 005 495 1777 90.63 1831 1922 068 3074 26273 126 1801 2556 131.86
Minimum 599 1270 079 161 0.03 414 1148 8134 1370 1729 034 2309 21830 1.05 1298  20.96 102.48
e dim;‘;‘:‘;stream Maximum 613 3420 264 198 007 558 2134 10208 2253 2142 096 3540 32712 162 2202 3026 182.75
St deviation 0.08 1085 093 020 002 074 546 1054 443 208 031 6.67 5709 032 461  4.65 44.25
N 3
Median 592 5516 259 158 003 929 1701 10806 1324 886 049 3010 23419 200 2315 1897 87.70
Minimum 440 2510 102 133 002 314 370 6434 404 741 012 1078 17713 056  9.60 895 19.01
Sedimenfs‘ii‘anstream Maximum 642 15420 5.82 197 006 1376 3027 15714 3588 1374 345 4770 35599 476 3178  32.02 454.04
St deviation 056 3585 135 024 001 304 752 2881 899 173 098 967 5000 136 690 694 125.78
N 1
Median 536 2312 299 198 005 620 3084 9134 1534 2556 093  39.18 30398 103 1843 38.14 50.14
Minimum 509 1280 213 151 003 459 706 7327 1118 1052 036 2346 26576 061 1397 29.22 13.06
Soil_background Maximum 573 1280 433 243 008 795 17141 10965 3806 61.53 238 5972 40190 1.63 2289  51.00 195.59
St deviation 022 3992 076 034 002 113 59.83 1356 9.07 1784 074 1339 5702 039 308 671 59.57
N 7
Median 525 2664 451 193 003 639 1127 8073 2487 1250 124 2939 28212 123 1899  30.33 168.27
Minimum 471 1070 181 153 002 338 307 5797 468 349 023 1297 22356 054 908 1581 -
Soil_mine influence Maximum 595 9180 957 253 005 1336 4146 13486 6048 2052 955 5500 41748 293 3280 5480  1561.06
St deviation 032 1601 203 026 001 251 1015 1790 1469  3.35 1.87 1010 4371 055 551  10.01 329.31
N 33
Median 546 1636 176 254 005 524 984 9066 6612 965 557 1400 32030 669 1814 4530  2318.62
Minimum 434 910 08 170 002 356 476 6316 2461 251 073 700 23228 119 1138 21.19 132.45
Mine dumps Maximum 636 4100 596 426 009 794 1647 12171 17116 2073 1059 2407 399.06 2027 7066 6271  4540.06
St deviation 057 880 145 064 001 144 337 1358 3766 458 271 460 4665 636 1425 1001  1188.03
N 16

St deviation—standard deviation; N—number of samples. EC—electrical conductivity; OM—organic matter. All the elements are in mg/kg, except OM, Fe, and Mn, in %.
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The variation of the physicochemical parameters, trace elements, and REE concentrations in
stream sediments, soils, and mine dumps are represented as boxplots (Figure 2). The Y-axis depicts the
concentration of each element. The boxplot limits draw non-outliers, represented by the upper and the
lower quartile, respectively, within an amplitude for interquartile of 1.5 times. Electrical conductivity,
Cu, and As presented with severe outliers (Figure 2).
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Figure 2. Box plots for physicochemical parameters, trace elements, and REE concentrations in stream
sediments, soils, and mine dumps from Canto Lagar region. The symbol e represents values of
minimum (lower end), maximum (upper end) and outlier (intermediate) concentrations.

Stream sediments, soils, and mine dumps from the Canto Lagar area showed a large range in the
concentration values of trace elements. The highest As, U, Pb, and Th contents were found on the
mine dumps, suggesting mine influence. Otherwise, the highest REE, Zn, Cu, Cs, Ba, and Ni contents
were found in the soil and reflect geogenic influence associated with the background lithologies from
the region. Iron occurred in high concentrations and is associated with the presence of Fe-oxy and
hydroxides and the capacity of metals and metalloids adsorption, as found in other mine areas [12,23,24].

3.2. Contamination Indexes

Several international methods for the evaluation of potentially toxic elements in stream sediments
and soils have been described in different study cases, such as contamination factor, contamination
degree, enrichment factor, geoaccumulation index, and potential ecological risk index (e.g., [25-28]).
Some of them were applied to assess the enrichment of stream sediments located under the influence
of mine activities [25,29,30].

The degree of pollution in mine dumps and sediments was classified using the geoaccumulation
index, and most of them were classified as moderately to extremely polluted, particularly upon
receiving the influence of dump materials. Stream sediments were polluted relatively to As (35.8 mg/kg),
W (4.76 mg/kg), U (454.04 mg/kg), and Th (32.02 mg/kg), and they had high electrical conductivity
(154.20 pS/cm).

The contamination factor of each element is the ratio of the element content to the reference value
of the element [29]. The considered reference values were the median of background concentrations
for stream sediments, collected upstream of the mine influence of the Canto Lagar area (Table 2).
The range and median values of contamination factor to mine dumps and sediments for the studied
elements are indicated in Table 3.

Practically all the selected potential toxic elements from the mine dump exhibited a degree of
contamination classified as low to moderate. Otherwise, for As and W the contamination degree was
classified as high, while U had a very high contamination. The mobility of elements from mine dumps
to stream sediments was low and presented a low to moderate contamination (Table 3).
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Table 3. Values of contamination factor and contamination degree of mine dumps and stream sediments
from Canto Lagar.

Mine Dumps Stream Sediments
Min Max Med Min Max Med
Fe 0.9 2.3 1.4 0.7 1.1 0.9
Mn 0.5 1.7 1.0 0.4 1.4 0.7
Ba 0.2 0.8 0.5 0.4 1.6 1.0
Cr 0.3 0.9 0.6 0.2 1.7 1.0
Zn 0.7 1.6 1.1 0.6 2.8 1.7
Pb 0.6 3.9 1.0 0.5 1.8 12
As 1.3 9.3 3.6 0.2 2.0 0.8
w 0.9 16.1 5.3 0.4 3.8 15
8} 1.0 34.4 17.6 0.1 3.4 0.7
Th 0.8 2.5 1.8 0.4 1.3 0.8
CD 11.6 54.1 34.7 8.7 14.5 11.4

Min—minimum; Max—maximum, Med—median. Contamination factor: low contamination for CF < 1 (black color);
moderate contamination for CF 1-3 (green color); high contamination for CF 3-6 (blue color); very high contamination
for CF > 6 (red color). Contamination degree CD = sum of CF: low contamination degree with CD < 13;
moderate contamination degree with CD 13-26; high contamination degree with CD 26-39; very high contamination
degree with CD > 39.

The average values of contamination factor for stream sediments varied in the following descending
order: U > W > As > Th > Fe > Zn > Pb = Mn > Cr > Ba for mine dumps, and Zn > W > Pb > Ba =
Cr > Fe > Th > U = Mn for stream sediments.

The sum of the contamination factor was reclassified as a contamination degree considering the total
of variables (Table 3). In the Canto Lagar mine area, the contamination degree varied from 8.7 up to 54,
indicating a low to very high contamination degree, particularly in the mine dump sediments (Table 3).

Throughout the analyzed samples, about 50% presented a low contamination factor for Mn (77%),
Ba (77%), Cu (83%), Zn (60%), and Pb (60%), moderate contamination for Cr (60%) and Th (60%),
and very high contamination for U (50%; Figure 3).

Contamination Factor
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mCF>6 0 0 0 0 0 0 3 0 17 50 0

Figure 3. Percentage of contamination factor classes in the Canto Lagar area.

According to the obtained results, most of the selected potential toxic elements from mine dumps
exhibited a contamination degree varying from low to moderate. Moreover, As and W presented a
high contamination degree, while U presented a very high contamination degree. This situation is
primarily associated with the Canto Lagar uranium mineralizations.
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The background values from Portugal for Zn, As, U, and Th (Zn = 60 ppm; As = 6.0 ppm;
U =5 ppm, and Th = 18 ppm; [31]) were lower than background reference values considered for Canto
Lagar, regarding the geological and mineralization settings of this U-enriched region. Almost all
sediments from the Canto Lagar area showed an increase in the contamination index for Zn, As, U,
and Th relative to Portuguese background values, which show moderate to very high contamination
(Figure 4).
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Figure 4. Comparison of contamination factor classes percentage for Zn, As, U, and Th using Canto
Lagar background values (CL) and Portuguese background values (Pt).

The average contents of Cu, Zn, As, W, Pb, and U and maximum values of Zn, Th, and U (Table 4)
exceeded the reference values from the European Geochemical Atlas [32].

Table 4. Comparison of Fe (%) and selected potential toxic element (mg/kg) contents from Canto Lagar
sediments and Geochemical Atlas of Europe.

Canto Lagar Area Geochemical Atlas of Europe
Minimum Maximum Median Minimum Maximum Median
Fe 1.3 43 1.8 0.06 20.0 1.97
Mn 0.0 0.1 0.0 24.0 18900 452
Cr 3.1 13.8 5.2 2.0 1750 21.0
Cu 3.7 30.3 17.0 1.0 998 14.0
Zn 63.2 157.1 90.7 7.0 11.0 60.0
As 4.0 171.2 18.3 <5 231.0 6.0
W 0.6 20.3 2.0 <0.05 82.0 12
Pb 9.6 70.7 18.1 <3 4880 14.0
Th 8.9 62.7 25.6 <1 13.9 253
U 19.0 4540.1 131.9 <1 98.0 2.0

In general, soils from the Canto Lagar area presented higher median values for Zn, As, Cs, W,
Th, and U and higher values for U (Table 5) than the values included in the Geochemical Atlas of
Europe [32].

There are no Portuguese-legislated standard values for soil contamination. Consequently, the soil
standards from Ontario were applied in this study. The soil from the Canto Lagar uranium mine area
was contaminated by As and U and cannot be used in agricultural or residential occupations (Table 5),
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in accordance with the soil standards from Ontario [33]. Moreover, roughly all soils could be applied
in commercial and/or industrial occupations.

Table 5. Comparison of potentially toxic elements values of soil from Canto Lagar area with European
values and reference values of Canadian guidelines.

Canto Lagar Geochemical Atlas of Europe Canadian Soil Guidelines
Minimum Maximum Median Minimum Maximum Median Agricultural Residential
Parkland
Fe 1.51 2.53 1.96 0.1 15.2 1.96 - -
Mn 0.02 0.08 0.04 <10 6480 382 - -
Cr 3.38 13.36 6.30 1 2340 22 64 64
Cu 3.07 17141 21.06 <1 118 13 63 63
Zn 57.97 134.86 86.04 4 2270 48 200 200
As 4.68 60.48 20.11 5 220 6 12 12
Cs 3.49 61.53 19.03 <0.5 69.1 3.71 - -
Zr 0.23 9.55 1.09 5 1060 231 - -
Ba 12.97 59.72 34.29 10 1700 65 750 500
w 0.54 2.93 1.13 <5 14 <5 - -
Pb 9.08 32.8 18.71 <3 15 886 70 140
Th 15.81 54.8 34.24 0.3 75.9 7.24 - -
U - 1561.06 109.2 0.2 53.2 2.03 23 23

All soil concentrations are in mg/kg, while Fe and Mn are expressed in percent.

4. Conclusions

The spatial variation in the concentration of potentially toxic elements in mine dumps,
stream sediments, and soils from a U-enriched area was studied, and the potential contamination degree
was evaluated according to international contamination indexes and contamination soil guide values.

The mobility of elements from mine dumps to stream sediments was relatively low. However,
some sediments and soils from the area were contaminated. Considering the reference values for
remediation purposes, the area is an appropriate subject for improvement and remediation proposals.
The mine dumps represent an environmental risk because they can promote contamination with spatial
mobility and dispersion of potentially toxic elements from the dumps to the sediments and soils,
as well as by surface runoff and wind. The obtained results suggest that remediation must be done in
the whole area, including the cover of mine dumps. The application of adequate remediation processes
must be undertaken in the soils and sediments.

Future work requires an exhaustive, well-defined spatial design campaign that could be applied
to understand the dynamic processes of potentially toxic elements and to identify the main sources
for these elements and the local enrichment around the uranium mine area. The future application
of multivariate and geostatistical methodologies will promote reconnaissance and consequently will
allow adequate monitoring procedures to be defined in this area or similar ones.
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