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ARTICLE INFO ABSTRACT

Keywords: Uranium (U) contamination due to mining and metallurgical operations is a serious problem and poses a high
Trace elements potential threat to humans and other organisms. The application of amendments and/or plants, known as
Bioavailability assisted phytoremediation, can accelerate the adsorption, complexation and precipitation processes in soil, and
Phytostabilization o1 . . . . .

S i therefore can facilitate the restoration of U mining areas. This study located in the central-west of peninsular
ugar lime

Spain was focussed on two different U mine waste dumps (MWD), where the assisted phytoremediation process
was implemented. At each MWD, an area of 10 ha (approx.) was selected for sugar lime (SL) application, at a rate
of 75 T ha ~!. In addition, after SL addition, common grasses Cynodon dactylon, Secale cereale, and the legu-
minosae Vicia sativa were seeded. Evolution of soil physico-chemical properties and plant development was
monitored for 69 months in Top, Medium and Low areas of both MWDs. The main results indicated a positive
effect of the amendment, improving the development of the spontaneous and induced vegetation and the
accumulation of soil organic matter. Values of pH were maintained in the range of the neutrality during all the
experimentation period. In general, total concentrations of trace elements (including U) presented a high vari-
ability. Values were similar in the different studied areas of each MWD (Top, Medium and Low) and did not
change in time. Trace elements contents were, in general, higher than those found in non-contaminated soils.
However, U and Mn availability decreased with time, as well as the accumulation of trace elements (especially U
and Mn) in the studied plants. Moreover, these contents were lower than the permitted limit for animal con-
sumption. In conclusion, application of phytoremediation contributed to the stabilization of U within the soil-
plant system, mainly by its positive effects on vegetation cover and the consequent increase in soil organic
matter.

Soil remediation

1. Introduction

Surface mining worldwide directly results in high disturbances to the
ecosystems. These mining activities can directly affect large areas of
natural vegetation and can cause indirect environmental impacts due to
erosion, run-off and loss of diversity in the surroundings (Doley and
Audet, 2013). Today, all countries with a recognized mining prestige
look back at their old mining facilities, developing an important task for
their reconversion and recovery. Viable and efficient restoration actions
of these mined sites are mandatory to reduce negative environmental
impacts. The rehabilitation implies the restitution of the original
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ecosystem in terms of soil and hydrology, diversity of flora and fauna
species (Madejon et al., 2021). The final aim is to restore vital ecological
processes in such a way that the resulting ecosystem will be capable of
self-sustaining (Hobb and Norton, 1996).

In particular, Uranium (U) contamination due to mining and
metallurgical operations is a serious problem and poses a high potential
threat to humans and other organisms. Uranium is a threatening
radionuclide due to its radioactivity and its toxicity (Antunes et al.,
2007; Bai et al., 2010), posing a risk to health when incorporated
especially in aqueous forms (Bhalara et al., 2014; Schoner et al., 2009).
Uranium available in the environment can reach humans through the
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food chain, causing several health disorders (Craft et al., 2004; Xie et al.,
2008).

Uranium dynamics in soil has been extensively studied and found to
be driven by the interaction with different soil components (Chen et al.,
2021). Among these components, organic matter has an important in-
fluence on U dynamics since certain organic compounds may effectively
immobilize it, limiting the potential movement of U through the
biosphere (Fuller et al., 2020; Ma et al., 2020). The adsorption of U to
organic matter has received substantial research attention as a mecha-
nism of U retention in soils. For that reason, organic amendments could
decrease U mobility. Moreover, other inorganic amendments have also
been used to adsorb U in soil reducing its availability and solubility
(Zhang et al., 2015; Gavrilescu et al., 2009).

The assisted phytoremediation consists on the application of
amendments and plants that can accelerate the adsorption, complexa-
tion and precipitation processes, which occur naturally in the soil, and
facilitate the retention of trace elements (included U). Thus, the appli-
cation of amendments is usually a successful technique as first step in the
restoration of contaminated and degraded mining soils (Kumpiene et al.,
2019; Palansooriya et al., 2020). This technique can be considered as a
soft or low impact rehabilitation technique, since the incorporation of
amendments followed by the establishment of plants constitutes a more
natural and respectful approach with the natural environment than the
classic methods based exclusively on physicochemical processes
(Madejon et al., 2018a). The main advantages of phytoremediation are:
1) it is economically feasible, simple to manage, and with low costs of
installation and maintenance, 2) it is an environment and eco-friendly
technique, which reduces exposure of of the ecosystem to the contami-
nants, 3) it can be applied over a large-scale field, 4) it prevents erosion,
reducing the risk of spreading of contaminants, and 5) it can also
improve soil fertility by releasing various organic matters to the soil
(Yan et al., 2020).

Among inorganic soil amendments, the sugar beet lime (SL) has been
used since ancient times to correct the acidity and the phytotoxicity of Al
in acid soils, mainly due to its high content of active limestone (Garcia-
Navarro et al., 2009). In addition, the SL contains organic matter and
several essential micronutrients (Vidal et al., 2006). The high Ca content
of the sugar foam is mainly due to the presence of Ca in the form of
slaked lime (Ca (OH3)) and, to a lesser extent, as calcium carbonate
(CaCOg) (Espejo, 2001). Slaked lime progressively reacts with atmo-
spheric carbon dioxide to produce CaCOs. This carbonation occurs at a
rate that depends on the particle size, porosity, and water content of the
SL. This gradual carbonation process makes the durability of the product
more effective with time. For all this, the SL has also been used as an
amendment in the assisted recovery of contaminated soils. For example,
SL has been used successfully in the restoration of the Guadiamar Green
Corridor that was created after the Aznalcdllar mining spill in 1998
(Madejon et al., 2018b). Several studies carried out in this area (Clem-
ente et al., 2015; Madejon et al., 2010) have demonstrated, at different
scales, the efficacy of this by-product in the remediation / stabilization
of soils contaminated by trace elements.

On the other hand, the use of vegetation covers on unstable degraded
land, such as mine spoils and tailings facilities, has been proved to
provide an in-situ cost-effective and environmentally sustainable
method of stabilizing and reclaiming waste lands (Mendez and Maier,
2008; Madejon et al., 2018a). The use of vegetation to reduce erosion
and to provide long-term structural support is known as phytostabili-
zation. Revegetation of mine sites is a well-documented tool for effective
surface stabilization, as tailings are usually almost completely devoid of
vegetation cover, which increases the likelihood of serious pollution
resulting from wind and water erosion of the bare tailings surface
(Pérez-de-Mora et al., 2011). For the remediation of large-scale and low
U-polluted soils, it is assumed that phytoremediation and assisted
remediation would be effective technologies (Abreu et al., 2014; Tan
et al., 2019). Nevertheless, these technologies need long-term moni-
toring and supervision because they have barely been demonstrated on a

Ecological Engineering 180 (2022) 106669

full-scale basis.

Previous tests carried out on columns and collectors showed prom-
ising results from the application of SL on mining soils contaminated by
U, especially due to the improvement of soil conditions and the increase
of the pH of the runoff waters (Madejon et al., 2014). However, vali-
dation of these results in field experiments is needed to demonstrate the
advantages and the feasibility of the use of SL. In this work, we per-
formed an in-situ remediation experiment in two U waste mine dumps
(MWD), where we tested the long-term effectiveness of SL application
and revegetation for the stabilization of U in the soil-plant system. We
hypothesized that the assisted phytoremediation could help to increase
soil fertility and the buffering capacity of the degraded and shallow soils
of the dumps, and to improve the development of vegetation. To test this
hypothesis, sampling of soil, plants and runoff water in these two dumps
were periodically performed during 69 months to analyse several
physico-chemical indicators and to evaluate the efficiency of the resto-
ration measures.

2. Materials and methods
2.1. Study area

The study area is located in the region of Ciudad Rodrigo (29 T
702113 4,501,299), which constitutes a territory of large extent in
western Salamanca Province, in the central-west of peninsular Spain
(Fig. 1). This region is located 700-800 m above sea level. The climate is
sub-humid, temperate, and dry in the summer, with an annual precipi-
tation of 500-600 mm, an average temperature of ~12 °C and annual
evapotranspiration of more of 1000 mm. There are large interannual
differences and significant heterogeneity in the spatial distribution of
rainfall (Fig. S1). Rainfall is more abundant in autumn (October and
November) while the summer is dry or very dry (July and August with
values below 15 mm). Evaporation is very high (1200-1400 mm per
year), with a considerable water deficit from May to September, which
reaches its maximum in July. Although during the rest of the year
rainfall is greater than evaporation, it is not enough to alleviate the
water loss during summer, with a deficit of 800 mm per year (Aran et al.,
2020). The moisture and temperature regimes of the soils are xeric and
mesic, respectively. The climatophilous vegetation of this area corre-
sponds to supra-Mediterranean silicic oak, which rarely appears in the
form of dense forest, but normally occurs in the form of sparse woodland
(Santos-Francés et al., 2018).

2.2. Mining activities

During the exploitation period (1975-2000) more than 80 Mt. of
rock were extracted, through open-pit mining and the bank system.
Once production was completed, a comprehensive decommissioning
program began in January 2000, in order to recover radiological and
environmental conditions similar to those existing at the site before
mining began. The program included the dismantling of the plant for the
manufacture of U concentrates (including its static leaching beds and
sludge dikes), and the definitive restoration of the mining operations
(shafts, dumps and associated structures and facilities).

2.3. Experiment design

Two different waste dumps (MWD) in the mine were selected for the
experiment, hereafter denoted as MWD A and B, respectively. Materials
from the uranium deposit debris from the Tertiary of the Ciudad Rodrigo
trench (arcoses, with intercalations of gravels and pebbles) and from the
Pliocene and/or Quaternary (materials type “ranas”, colluvions and
current alluvial deposits of the Agueda river) can be found. Soil in MWD-
A had a thickness between 10 and 15 cm in average. Soil in MWD-B was
even shallower and with a coarser texture than in MWD-A. Moreover,
the MWD-B, was characterized by steeper slopes. At each MWD, an area
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Fig. 1. Location map of the remediated study area “Saelices el Chico”. A) Location of the mine waste dump A and their sampling points B) Location of the mine waste

dump B and their sampling points.

of 10 ha (approx.) was selected for the SL application, at a rate of 75 T
ha!. In addition, after the amendment application common grasses
Cynodon dactylon, Secale cereale, and the leguminosae Vicia sativa were
seeded. Both activities, SL application and seedling, were carried out at
the end of November 2013 in the MWD-A and at the end of April 2014 in
the MWD-B.

Sugar lime (SL) is a residual material from the sugar beet
manufacturing process with 70-80% (dry basis) of CaCO3. Apart from its
high calcium carbonate content (pH around 9) it contains also a
considerable amount of OM (7.5%) and other nutrients such as P, Mn,
and Fe (Clemente et al., 2015).

2.4. Sampling: soil, water and plants

Fourteen and nine sampling points were established in MWD-A and
MWD-B respectively. We distributed these sampling points across the
studied area according to the slope of each waste dump: Top (Number of
samples (N), N = 6 for dump A and N = 2 for B) (T), Medium (N = 4 for A
and B) (M), and Low (N = 4 for A and N = 3 for B) (L) (Fig. 1).

Soil sampling at each selected point was carried out at 0-15 cm depth
(sometimes at 0-10 cm, especially at MWD-B, if reaching the rock
before). For each point three soil cores were taken (using a spiral auger
of 2.5 cm diameter) to make a representative composite sample.
Sampled soils were stored in plastic bags and transported to the labo-
ratory for analysis. Sampling was carried out 7 times since SL addition in
MWD-A and 6 times since SL addition in MWD-B, from February 2014 to

October 2019 (Table 1).

The development of the vegetation in the revegetated areas was
monitored during the period of study. Vegetation cover (using a 0.03 x
0.03 m quadrant) and plant richness was also recorded at each sampling
point. In addition, most common plants were sampled for their trace
element content analysis. Identification of the different plant species
was checked in the laboratory. Depending on the sampling time and
phenological state of the plant, plants were identified to the species,
genus or family level.

The runoff waters from these two areas were collected directly from
their influence ponds. Sampling times for soil, plants and water
throughout the experimentation are listed in Table 1.

2.5. Chemical analyses of soil, plant and pond water

Soil samples were dried at 40 °C and then sieved to <2 mm for
analysis. Soil pH was measured in a 1 M KCl extract (1:2.5, m/v) (Hesse,
1971) using a pH meter (CRISON micro pH 2002). Organic Matter (OM)
was determined by dichromate oxidation and titration with ferrous
ammonium sulphate, according to Walkley and Black (1934).

The carbonate determination was carried out using the Bernard
calcimeter. The method is based on the reaction of hydrochloric acid
(HCI) with calcium carbonate (CaCOs), causing the evolution of car-
bonic anhydride (CO2). This gas displaces a volume of an indicator
liquid that is quantified.

For trace elements analyses, including U, the soil samples (2 mm)
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Table 1
Sampling schedule for the collection of data on soil properties, vegetation development, trace element accumulation in plants and chemistry of pond water.
MWD Sampling Date Soil Vegetation cover Plant richness Plant analysis Pond water
A 1 12/02/2014 X X
2 03/06/2014 X X X X
3 01/10/2014 X X X
4 02/06/2015 X X
5 21/10/2015 X X X
6 08/04/2016 X X X X
7 17/10/2019 X X X X X
B 1 03/06/2014 X X X
2 01/10/2014 X X X X
3 02/06/2015 X X
4 21/10/2015 X X X
5 08/04/2016 X X X X
6 17/10/2019 X X X X X

were ground and sieved at <60 pm. Pseudototal concentration was
determined digesting them with a mixture of concentrated HNO3 and
HCI (1:3, ‘aqua regia’) in a microwave oven (Microwave Laboratory
Station Mileston ETHOS 900, Milestone s.r.l., Sorisole, Italy). Mean-
while, their available concentrations were estimated after extraction
with a 0.01 M CaCl, solution at a rate 1:10 (Houba et al., 2000). Trace
elements in all the extracts were determined by ICP-OES (inductively
coupled plasma-optical emission spectrometry) using an IRIS Advantage
spectrometer (Thermo Jarrel Ash Corporation, MA USA). The accuracy
of the analytical method was determined using the reference NIST
2711a obtaining recovery rates of 85%-110%.

Plant material was washed for 15 s with 0.1 M HCl, followed by a 10-
s washing with distilled water, and then oven-dried at 70 °C. Dried plant
material was ground by passing them through a 500-um stainless steel
sieve. Trace elements in plants were extracted by wet oxidation with
concentrated HNO3 in a microwave oven. The extracts were measured
by inductively coupled plasma optical emission spectrometry (ICP-OES).
The quality of the analyses was assessed using reference material NIST
SRM 1573a, and the obtained recovery rates were between 95 and
105%.

Water pH and EC were directly measured with a CRISON pH-meter
and conductivimeter. For trace elements concentration in the water,
samples were filtered using a 0.45-pm filter, and 25 ml of this filtrated
water were collected and 0.2 ml HC] were added.

2.6. Data analysis

Means and standard errors were determined for all variables, except
for available trace elements in soils, which showed high variability, and
results were showed as median values. Differences among the three
topographical zones and the evolution in time of each zone in soil
chemical composition were tested by one-way ANOVA and Tukey
posthoc test (p < 0.05). Before the ANOVA analysis, data normality (by
Kolmogrov-Smirnov test) and homogeneity of the variance (by Levene
test) was tested. When data were non-normal, even after a logarithmic
transformation, Kruskal-Wallis test and Mann-Whitney tests were used
for mean comparison. To compare soil total content between the initial
and final sampling a Student's t-test (p < 0.05) was used to assess sig-
nificant differences. All analyses were performed using the program IBM
SPSS Statistics 27.0 for Windows (SPSS, Chicago, IL, USA).

3. Results
3.1. Evolution of soil physical and chemical properties
3.1.1. pH, OM and CaCOs3
In MWD-A, the initial soil pH value, before SL addition was between

6.6 and 6.7. After the amendment application, soil pH increased to
values between 7.7 at the L zones of the dump and to 7.3 at the T zones

(Fig. 2a). In the case of this sampling (and only for this time), significant
differences among the three zones were observed (p < 0.05). These
values decreased during the first nine months after the application,
especially at M zones reaching values of 6.8. However, these values
increased again 17-21 months after the beginning of the experiment. A
new slight decrease was observed in the three zones at the end of the
experimentation period. For the three studied zones pH values showed
significant differences in time (p < 0.001). In all cases, values remained
neutral (7.0), higher than the initial values and similar along all the
zones of the MWD-A.

pH values of 6.3-6.5 were recorded in MWD-B, before the imple-
mentation process (Fig. 2b), and increased to pH values of 6.7 at M and L
zones, and to 7.2 at zone T after one month from SL application. Over the
study, values increased during the first two years. For the three studied
zones pH values showed significant differences in time (p < 0.01 for T
and M zones and p < 0.001 for L zone). At the end of the study (after 65
months), values were still neutral (7.2), even higher than in MWD-A.
Significant differences were among zones at each sampling were only
observed at the sampling 4 (p < 0.05).

Organic matter (OM) contents increased through the experimental
period at both dumps (Fig. 2¢, d). In the case of MWD-A, from an initial
average of 1.0% of OM, values of 1.2% were recorded after one moth
from the beginning of the study in the three zones (Fig. 2c). Moreover,
this value increased by 0.5 points during the first two years. After this
sampling time (27 months from application), OM continued increasing
only at the L zones, reaching values of OM of 2.5%. For this parameter,
significant differences in time were observed for T and L zone (p < 0.05).
However, among the three studied zone there no differences at each
sampling.

In MWD-B, the initial OM contents were very low (< 0.5%), and
increased significantly to 1.0% after one month of monitoring. In this
dump, a constant increment with time, from 1.0% OM until values close
to 3%, was observed after two years at T and L zones (Fig. 2d). At the end
of the study, maximum values, up to 2.0%, were found in all the zones.
In this case, the three studied zones showed significant differences in OM
content in time (For T and M zones p < 0.01, and for L p < 0.05).

Carbonate content presented a high variability over time in both
dumps (Fig. 2 e, f). This is why significant differences were not observed
in time. In the MWD-A, values fluctuated between 5% in the T to 7% in
the L zone. Through the course of the study values varied without any
clear pattern, and at the last sampling in the L zone values were around
6.5% while at the M zone values decreased to 3% (Fig. 2e). In MWD-B
the variability at the beginning of the study at T zone was also very
high (from 4.2 to 11%), while at the M and the L zones CaCO3 content
was around 4% (Fig. 2f). Finally, in the last sampling values were be-
tween 5 and 6% at the M and T zones and decreased to 3% in the L zone.
In this last sampling, significant differences among zones were recorded
at both MWDs (p < 0.05).
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Fig. 2. Evolution over time of pH (a, b), OM (c, d) and CaCO3 (e, f) in both waste mine dumps (mean values and standard error) in each studied zone (Top, Medium

and Low).

3.1.2. Uranium and other trace elements in soils

At both MWDs pseudototal values of trace elements showed a high
variability and did not differ significantly among the three zones
(Table 2). Uranium contents in the MWD-A in the initial sampling were
in a range (in mg kg™!) of 2.70-70.9, meanwhile at the final sampling
the ranges at the three zones were 10.6-157. Maximum U values were

found at the M zone in both samplings, especially at the final one.

In the MWD-B, initial U range (in mg kg ') at the three studied zones
were between 6.4 and 492, meanwhile at the end of the study values
were 29.0-309. The highest values recorded in this MWD were found at
the T and M zone.

Manganese ranges (mg kg’l) in the MWD-A at the initial sampling
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Table 2
Pseudototal trace element concentrations (mg kg™) in soils from both mine waste dumps at the initial and the final samplings. Mean values and standard error in
parenthesis.
M.W-D Zone Sampling As Ccd Co Cu Fe (%) Mn Ni Pb U Zn
A Top Initial 28.1 0.15 7.20 16.6 1.58 231 16.4 10.9 30.8 34.8
(0.34) (0.04) (1.92) (0.13) (0.06) (55.8) (4.54) (0.21) (11.7) (1.58)
Final 26.3 0.26 10.2 35.1 2.63 539 32.9 16.8 77.6 97.9
(2.30) (0.03) (1.49) (8.98) (0.38) (81.9) (3.12) (1.95) (56.0) (33.5)
Medium Initial 44.6 0.18 9.70 24.4 2.57 266 22.3 17.32 39.7 48.1
(1.43) (0.05) (2.31) (8.08) (0.62) (72.2) (8.08) (3.94) (16.7) (12.3)
Final 23.5 0.20 5.95 28.2 2.06 295 24.1 13.3 51.1 44.5
(1.90) (0.02) (0.85) (5.75) (0.32) (28.0) (4.80) (4.43) (35.4) (3.79)
Low Initial 31.9 0.20 6.89 11.3 1.59 190 12.9 10.65 111 36.4
(3.05) (0.05) (1.07) (0.86) (0.11) (31.3) 1.72) (0.76) (2.52) (5.01)
Final 20.6 0.20 7.53 26.2 2.03 339 32.0 13.2 27.5 53.2
(2.66) (0.03) (1.70) (3.03) (0.20) (32.8) (2.04) (2.08) (7.53) (6.66)
B Top Initial 18.1 0.66 5.61 87.9 1.98 214 15.7 16.0 344 55.3
(1.6) (0.53) (0.23) (38.4) (0.32) (18.2) (1.45) (0.20) (153) (5.28)
Final 19.3 0.17 10.1 46.7 3.17 1063 44.1 14.6 147 191
(4.39) (0.06) (2.26) (8.78) (0.60) (606) (3.00) (139) (100)
Medium Initial 47.5 0.35 14.8 35.1 2.80 454 42.7 14.6 142 89.1
(11.5) (0.03) (3.69) (5.66) (0.59) (133) (8.70) (2.17) (34.8) (16.2)
Final 60.9 0.40 15.3 49.8 4.28 1310 52.8 15.6 144 141
(7.09) (0.03) (0.83) (6.50) (0.27) (497) (2.24) (84.0) (20.5)
Low Initial 38.0 0.38 17.6 43.5 4.38 574 52.0 18.0 58.6 130
(5.50) (0.16) (2.51) (6.41) (0.30) (83.4) (7.99) (2.69) (23.8) (12.7)
Final 26.9 0.23 7.94 30.5 3.57 486 4.00 18.7 34.3 84.1
(2.62) (0.02) (2.97) (14.7) (0.84) (109) (5.24) (29.0) (22.1)
Background soils’ 18.3 0.15 13.4 16.4 1.99 698 29.2 18.9 28.9° 58.5
71.2%%%
Mediam values in Europe’ 6.0 0.145 7.0 12.0 382 14 15 2.0 48

1 Aran et al., 2020.
2 Santos-Francés et al., 2018. * for granite rock, ** for slate.
3 Alloway, 2013.

were 175-430, and the final ranges were 270-412. For the MWD-B, Mn
ranges at the initial sampling were 196-821; for the final sampling mean
values ranged between 162 and 2272 mg kg~ !. As for the case of U,
higher concentrations of Mn were found at the MWD-B reaching values
near 2770 mg kg~ !. This element reached maximum values at M and T
zones (Table 2).

The rest of the studied trace element concentrations in MWD-A were,
in general, higher than mean values established for background soils in
this area (Table 2). The variability of the data was remarkable (see
standard error) due to the heterogeneity of the wide study area of both
MWDs (around 10 ha; Table 2). Levels of trace elements were in a similar
range or higher in the MWD-B. Regarding the differences between the
different divided zones of study (T, M, L), we could not find any clear
pattern that could indicate a mobilization of these elements from the top
to the bottom of the dump. The same fact was observed for metal con-
tents comparing the initial values with those recorded five years later
(final sampling). Both dumps showed similar metal concentrations in
soils over time, although the variability of metals at each dump was
high.

The positive effect of assisted phytoremediation was more evident in
available concentrations, reducing this fraction of Mn and U (Fig. 3). In
the beginning of the study available U at the MWD-A reached values of 7
mg kg~! in the Top zone, although in the M and the L zones values were
around 2 mg kg~!. However, at the end of the study U available con-
centrations in all the zones decreased to values around 0.5 mg kg™'. On
the other hand, U available at MWD-B was much higher than in MWD-A
(14 mg kg~ in Top zone in the first sampling, and close to 16 mg kg ™! at
the M zone after 13 months of SL application). Despite the high con-
centrations in the first two samplings, availability decreased with time
until values of around 1.0 mg kg™! in all zones in the last sampling. As
for U, the highest concentrations of available Mn were found at MWD-B,
but these values presented a high variability during the first two years
(Fig. 3). After 23 months, however, these contents decreased and at the
end of the study all values were < 1.0 mg kg ™.

The availability of the rest of trace elements showed a high

heterogeneity; therefore, median values are shown in Table S1. In gen-
eral, available trace element concentrations were very low, lower than 1
mg kg~ !, except for Fe in some samplings.

3.2. Evolution of vegetation

3.2.1. Vegetation cover and plant richness

Vegetation cover was monitored four times during the experiment,
taking into account the time needed for plant development. The first
plant data was collected five months after seeding and the fourth
observation was recorded at the end of the study, after 65-69 months. In
general, vegetation cover increased over the course of the experiment
(Fig. 4), and due to better soil conditions, the vegetation cover was al-
ways higher in MWD-A than in MWD-B. In MWD-A, vegetation cover
was similar in the T and the M zones (50%) and slightly higher in the L
zone (55%) five months after the beginning of the study. In the L zone,
vegetation cover increased until percentages of 82%, 17 and 27 months
after the start of the experiment, and by the end of the study vegetation
covered 95% of soil surface. In the M, and especially in the T zone, the
plant development was slower but, in both zones, values recorded after
69 moths reached 85% of vegetation cover.

In the MDW—B, the highest vegetation cover was also found at the L
zone. However, during the first two observations percentage was around
53%, reaching values of 90% at the end of the study. In the M zone, the
initial vegetation cover was around 30%, increasing to 50% and
reaching values of 83% in the last observation. Finally, the lowest
vegetation development was found at the T zone of this dump (values of
5% in the first sampling). However, an important increase in time was
observed until values of 60% at the end of the study (Fig. 4).

The plant species richness was recorded in 2014, 2016 and 2019
(Fig. 5). As mentioned above, three different species were seeded at the
start of the experiment, C. dactylon, S. cereale and V. sativa. Among them,
S. cereale proliferated at both MWDs, especially at MWD-B, where it was
the dominant species, being the only plant species in 2014 and 2016.
Nevertheless, V. sativa was also found in 2014 at the M zone.
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In the MWD-A different plant species established in all zones during
the whole experimentation period; in fact, at least six different species
were able to grow in each zone (8 different species in 2016). In 2014 and
2016 the most common species were S. cereale, Dittrichia graveolens and
Lepidium sp., among others. In these two samplings, the richness was
similar in all of the three zones. In 2019, a change in plant composition,
in comparison with previous samplings, was observed. Different species
of Graminae proliferated (Fig. 5). The only common species during the
study was D. graveolens.

Plant richness in MWD-B was scarce in the first two samplings (in
2014 only one species at T zone and 2 species at M and L zones were
observed; in 2016 only in L zone vegetation diversity included 3 spe-
cies). However, in 2019, vegetation diversity increased, especially at the
M and the L zones, where six and nine plant species were respectively
recorded.

3.2.2. Trace element contents in plants
Samples of the plant species growing at both MWDs were taken at

four different times through the study (years 2014, 2015, 2016 and
2019). Concentrations of trace elements in the aboveground biomass are
shown in Table 3 (plants of the Graminae family) and Table S2 (other
plant species, except Graminae plants).

For Graminae species, trace element concentrations (except U and
Mn) were, in general, in the range of normal levels for plants, except in
some cases for Co, Cr and Ni. Despite these exceptions, these values were
in general far from toxic to plants and animals (Table 3). Uranium
contents in Graminae species in both MWDs were similar and reached
the highest values in the first sampling (2014). In this sampling,
maximum values were found in Agrostis sp. (1.82 mg kg™1) in MWD-A,
and in S. cereale in MWD-B (1.72 mg kg™!), being above the normal
levels for plants. Concentrations of U were in the same range between
MWDs and zones. In the last sampling (2019), U concentrations in
Graminae decreased, especially in MWD-A (0.17 mg U kg ~1). Manganese
concentrations in Graminae plants were, in general, higher than normal
levels in plants. These values were similar in the two MWDs and among
zones. The highest concentration of this element was found in the 2015



P. Madejon et al.

Table 3

Ecological Engineering 180 (2022) 106669

Trace elements contents (mg kg™!) in the most abundant plants of the Graminae family. Normal levels for plants, phytotoxic levels and tolerable level for cattle are
indicated according to Chaney, 1989.

Sampling MWD  Zone Species As Cd Co Cr Cu Fe Mn Ni Pb 0) Zn
2014 A Top Secale cereale 0.40 0.03 0.67 0.36 3.16 50.5 223 1.29 0.24 0.65 19.6
Medium  Cynodon 0.48 0.24 0.70 0.44 2.75 38.8 344 7.75 030 1.36 12.9
dactylon
Low S. cereale 0.41 0.03 0.69 0.77 3.25 41.3 211 1.23 0.48  0.49 19.4
Agrostis sp. 0.77 0.03 0.78 0.87 2.20 169 316 5.83 0.43 1.82 12.7
B Top S. cereale 0.49 0.01 0.20 0.23 4.14 36.5 83 1.28 0.19  0.59 16.5
Medium  S. cereale nd 0.13 1.09 0.31 5.11 62.3 251 2.63 0.18 1.73 38.5
Low S. cereale 0.31 0.17 1.87 0.24 5.15 62.6 397 5.44 020 071 31.8
2015 A Top S. cereale 0.01 0.12 0.50 1.05 7.86 162 568 2.31 0.42  0.93 35.5
Medium  S. cereale 1.11 1.28 3.57 1.54 8.16 593 780 6.29 0.44 0.85 57.4
S. cereale 0.06 0.06 0.54 1.36 8.53 82.1 609 1.86 0.63 1.03 58.6
Medium  S. cereale 0.09 1.49 2.31 1.03 9.32 143 517 14.1 0.48 1.25 51.6
B Low S. cereale 0.11 0.11 0.54 0.57 13.6 104 286 1.73 0.57 1.56 54.0
2016 A Top F. Graminae 0.80 0.15 0.41 - 3.35 97.4 192 3.57 0.29 0.89 13.3
Medium  F. Graminae 0.50 0.15 0.03 - 4.15 52.9 392 7.16 0.40 075 14.6
Low F. Graminae 0.79 0.18 0.10 - 5.03 64.2 71.3 2.61 0.06 1.10 14.9
B Top S. cereale 0.61 0.05 0.15 - 3.98 40.5 86.9 1.32 0.17  0.75 17.9
Medium S. cereale 0.61 0.11 0.81 - 4.13 64.4 288 3.38 0.36 1.53 22.9
Low S. cereale 0.73 0.14 0.51 - 3.64 49.3 273 4.17 017 1.33 17.6
2019 A F. Graminae 0.14 0.26 0.25 1.08 7.38 114 182 3.79 nd 0.17 28.9
B S. cereale 0.83 0.89 0.38 1.24 7.20 181 114 4.48 0.12 0.61 37.7
Normal levels in plants 0.01-1  0.1-1 0.01-0.3 0.1-1  3-20 30-300 15-150 0.1-5 2-5 0.01-0.03*  15-150
Toxic levels for plants 3-10 5-700  25-100 20 25-40 - 400-2000 50-100 - 0.05-2* 500-
1500
Maximum tolerable levels for cattle 50 0.5 10 3000 100 100 1000 50 30 - 500
(25) (500) (400) (300)

* Wang et al., 2019.

sampling, reaching values higher than 500 mg kg~ '. However, con-
centrations in Graminae decreased close to normal levels in the last
sampling (Table 3).

Trace element concentrations in other species are shown in Table S2.
These values were within the normal range for plants. The exception was
Cd, because for most of these plants (Cistus salvifolius and Sonchus sp.,
Dittrichia sp. and Helichrysum sp.) values were higher than 1 mg kg%,
considered as the upper level of the normal range in plants (see
Table S2). For these species, U concentrations were higher than in
Graminae, especially in both Dittrichia species, in which values above 1
mg kg~! were recorded. Manganese in these other species did not pre-
sent a clear pattern, and concentrations were dependent on the plant
species, reaching concentrations higher than 500 mg kg ! occasionally
in Conyza bonariensis, Cistus salviifolius, Helichrysum sp. and Lavandula

angustifolia.
3.3. Uranium and other trace elements in the collected pond waters

It should be noted that analysis of water from the ponds were carried
out when these waters were available in the basin or in the area of in-
fluence of the dumps (Table 4).

In MWD-A, the pH values decreased approximately by one point

between the first and the third sampling, and then these values remained
close to neutrality. In October 2015, a considerable increase in pH was
observed, and no more water was received in the reservoir until March
2019, when the pH values decreased considerably to slightly acidic
values. In general, trace element content of water decreased over time
(Table 4). The content of As was mostly below the detection limit of the
used method. For Mn and U a concentration decrease was observed
during the first four samplings, especially for Mn, which concentration
decreased in four units. Even in the last sampling, when pH values were
slightly acidic, the metal concentrations, including, U and Mn were very
low. Manganese concentrations were close to the limits allowed for the
discharge of the water pond (0.4 mg L™1).

In MWD-B, pH in the water remained quite stable over the first four
samplings and with slightly acid values. Trace elements concentrations
also remained constant and low. In the case of U, values below 1 mg L™}
were found in the first four samplings. Undoubtedly, the most contro-
versial element present in the water was Mn, observing quite high values
in the second and the last sampling. In any case, Mn concentrations fell
considerably, and even in the March 2019 sampling they were lower
than 1 mg L. However, results of the last sampling (October 2019)
should be presented apart. In this sampling, a considerable decrease in
water pH was observed, as well as an increase in all the metal

Table 4
PH, electrical conductivity (EC) and trace elements in waters from the pond at the two MWDs at during the study. d.1: detection limit.
MWD Sampling pH EC Al As Cd Co Cr Cu Ni Pb Zn Fe U Mn S
mS ecm ™! pg 17! mgl!
A Feb.2014 7.38 1.05 120 <d.l. 2.7 94.0 1.42 9.30 204 <d.l. 30.0 20.0 0.46 4.56 124
May2014 7.52 1.21 15.0 <d.l <d.L 21.0 <d.l 10.2 75.0 <d.l 110 22.0 1.39 2.67 785
Oct. 2014 6.25 1.16 <d.L <d.l <d.L 8.00 <d.l <d.L 49.0 12.0 <d.L <d.L 0.14 1.69 226
Oct. 2015 8.60 1.41 200 <d.l <d.L <d.l. <d.l <d.L 65.0 <d.l 30 18 0.32 0.58 167
Mar.2019 5.87 1.51 194 <d.l. 3.0 24 2.0 3.0 224 11.3 102 <d.l 0.076 2.63 424
B
May 2014 6.95 1.99 20 <d.l. <d.L 5 <d.l 12.5 28 <d.l. 120 20.0 0.53 0.47 640
Oct. 2014 6.7 2.1 12 <d.l. 12.5 160 <d.l 9.0 390 18.0 137 <d.l 0.72 27.0 658
Octt.2015 5.07 2.01 175 <d.l 4 100 <d.l 3.0 280 52 380 90.0 0.23 4.39 144
Mar.2019 6.08 1.94 194 <d.l. 7 17.0 3.0 4.0 46.0 75 33.0 171 0.48 0.86 584
Oct. 2019 3.99 2.88 36.3 10° <d.l 31 1650 22 220 2830 60 3000 990 2.07 51.7 1081
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concentrations. This increment is particularly striking, considering that
in the previous sampling, 6 months before, metal concentrations were
very low. The conditions of drought occurred in the last months of the
experimentation meant that new water samples from this pool were not
available for analysis. Finally, data should be considered with caution
because ponds were not covered and this water is affected by other in-
puts/outputs like the rain or evaporation.

4. Discussion
4.1. Soils

Finding solutions to the mobility of trace elements through the
ecosystems is one of the main challenges for mining restoration. Ideally,
solutions should be cost-effective and applicable to the usually large
extensions affected by mining. In this work, we have evaluated the
usefulness of the assisted phytoremediation for the restoration of a U
mine, by monitoring the evolution of soils, vegetation cover and runoff
waters over almost five years. We expected that the addition of this
amendment rich in nutrients would promote in time the development of
spontaneous and induced vegetation, and thus would accelerate the
processes of formation of an organic horizon from plant debris. This is
part of the phytostabilization approach, and it seems to be the most
feasible option for the management of large areas contaminated by trace
elements to immobilize metals in the soil. The increase in vegetation
reduces soil erosion and dispersion of contaminants (Madejon et al.,
2018a). In addition, this amendment helps to maintain soil pH close to
neutrality, causing a buffering effect that is essential for the dynamics of
nutrients and trace elements in the soil.

Soil pH governs the equilibrium among solubility, adsorption, and
desorption of U and other trace elements, such as Mn, in soils (Fu et al.,
2019). The pH decreased through the studied period; however, the final
pH was still above 7.0 at both MWDs. This result confirms the utility and
durability of SL under these conditions. In fact, Gonzalez-Fernandez
et al. (2012) calculated that the useful life of this amendment could
reach up to 9 years with additions of less than 10 T ha~!. Moreover,
under real field conditions in the Guadiamar Green Corridor in Spain,
the effectiveness of this amendment has been proved for at least 12
years, using doses of 30 T ha™? (Madejon et al., 2018a).

The increase of OM content in soil is a main factor to reduce trace
element availability in soil and to improve soil fertility for plant devel-
opment, which contributes to reduce soil erosion. Although the organic
matter content of SL is not as high as that of an organic amendment, an
important increase of this parameter was recorded in both MWDs. This is
an indirect effect caused by the application of SL, already reported by
other authors (Pérez-de-Mora et al., 2006), and it is explained by the
positive effect of SL on plant establishment, as the amendment clearly
helped to the development of spontaneous and induced vegetation. After
the growth and die back of the annual plant species, the soil becomes
rich in plant residues, which progressively creates a thick organic mulch.
This is especially interesting in this particular case, where the soil was
highly degraded, totally or partially devoid of its surface litter and upper
soil horizon. The soils affected by this type of contamination often have
low biological activity, and limited soil functioning (Pardo et al., 2011).
Organic matter is vital to soil quality and regulation of important soil
functions enhancing fertility, structure and water retention (Bastida
et al., 2018). Therefore, there is a growing recognition that soil organic
matter is a key property of ecosystems to understand their stability in the
face of global change (Bastida et al., 2019).

The monitoring of CaCOj3 in time was performed to assess the pres-
ence of SL in soil. This parameter was studied to try to control the
traceability of this product and to elucidate whether there were signif-
icant losses due to runoff. Although the application of the SL was carried
out in a methodical way and with an intense spreading work, patchy
areas and a high heterogeneity in CaCO3; were observed. A proximate
calculation of SL losses indicated that despite this variability and after
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69 months of monitoring, no significant product losses were observed.

Pseudototal content of trace element may give information con-
cerning possible enrichment of contaminants in the soil, but its analysis
is not enough for estimating their mobility and availability for ecological
processes. Instead, determination of the bioavailable fraction might be
more useful for environmental protection and ecological risk assess-
ment. For that reason, determination of bioavailable trace elements is
one of the key factors to evaluate the biogeochemical behaviour of these
contaminants in the soil-plant system, which has to be a concern in soil
remediation processes (Bone et al., 2017; Selvakumar et al., 2018). In
this study, the availability of U and Mn, the most problematic elements,
decreased over time, indicating the effectiveness of the phytor-
emediation process for the stabilization of these elements into the soil
(phytostabilisation). The U and Mn availability is strongly dependent on
soil chemical properties (e.g., Eh, soil pH, and SOM), (Papanicolaou
et al., 2010; Bone et al., 2017) and the increase in organic matter is
responsible of this stabilization. Organic matter contains diverse func-
tional groups (e.g., carboxylic, hydroxyl, phenolic, aliphatic, aromatic,
and aromatic groups), that can bond U ions (Cumberland et al., 2016),
and therefore organic matter has a critical role in the mobility of U in
soils (Tinnacher et al., 2013; Bone et al., 2017).

Although the availability of Mn and U decreased throughout the
experimentation period, it is true that the concentrations found in the
influence pond of MWD-B (Table 4) in some of the samplings exceeded
the values allowed for its discharge. These high values obtained could be
related with the characteristics of the southern zone of the dump (not
analysed in this study), where there was a very scarce layer of soil and a
total absence of vegetation. In this particularly harsh area, it is possible
that the applied dose was not enough to improve soil conditions, leading
to a high leaching and runoff of metals. In this anomalous area other
actions would be necessary to continue with the recovery of the dump,
such as the addition of a new SL dose or the application of new materials
similar to those that are being used for the construction of the artificial
soils (Technosols), and a new planting of vegetation. In any case, it
would be interesting to continue with long-term studies to verify these
values and to evaluate the effectiveness of the actions taken.

4.2. Vegetation development

The spontaneous colonization of mine dumps is a very slow process
due to the adverse soil conditions, and thus revegetation of these sites
requires human intervention (Yan et al., 2018). Benefits of vegetation in
these sites are broad, such as protection against erosion by wind and
water, and reduction of dispersion of contaminants (Pérez-de-Mora
et al., 2011). Therefore, restoration of the vegetation cover can control
soil pollution, improve the visual impact, and reduce the threats to
human beings (Wong, 2003), having an important role in soil conser-
vation (Tambunan et al., 2017). In our study, the increase of vegetation
cover with time at the two MWDs indicated an improvement of soil
fertility due to phytoremediation, which boosted vegetation growth.
Similar results using SL as an amendment were observed by Xiong et al.
(2015) in Mediterranean soils contaminated with trace elements.
Moreover, the highest percentage of vegetation cover of all the study
was found in the lower zones. This fact is usually related with the
transport and accumulation of soil nutrients from top to bottom; this
produces higher vegetation cover at the bottom zones due to the
increment in soil fertility (Maltez-Mouro et al., 2005).

Regarding the election of plant species for revegetation purposes in
rehabilitated mine areas, species with a high tolerance to potentially
toxic metals are generally planted to ensure that plants can resist soil
conditions. After this step, the progressive growth of pioneer plants
promotes the accumulation of organic matter, and as soil fertility in-
creases new plants begin to appear, increasing plant richness as suc-
cession progresses (Bu et al., 2014). This pattern was clearly observed
even in the MWD-B, where initial soil conditions were very adverse
(Fig. 4).
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Among the three sown species, only S. cereale was able to grow under
these conditions at both MWDs and showed the lowest levels of trace
elements, indicating their suitability for remediation purposes. The
establishment of C. dactylon was not successful, despite other studies
have showed the ability of C. dactylon to grow even in highly contami-
nated substrates, such as sludge containing high levels of metals
(Madejon et al., 2006).

4.3. Trace elements in plants and toxicity risk

Plants from the Graminae family (Table 3) showed values of trace
elements (except for U) within the normal levels for plants, and below
toxic levels for plants and animals. These data showed the suitability of
the use of this group of plants for remediation purposes, because, in
general, their accumulation of trace elements in aboveground biomass is
low. This is of a high importance given that these plants are usually
consumed for grazing animals. However, values of U in Graminae plants
were higher than the lower limit of the range that could be toxic for
plants, according to Wang et al. (2019), although they were not close to
the upper limit of 2 mg kg™!. Nevertheless, the levels of U reported to
provoke phytotoxicity are quite variable among different studies and
depend on plant species and soil conditions (Sheppard et al., 2005). For
example, sunflower plants can grow in certain soils with U concentra-
tions of >100 mg kg~ ! without showing toxicity (Shahandeh and
Hossner, 2002), and concentrations of U below 300 mg kg™ had no
effect on a range of plants species (Sheppard et al., 1992). These con-
centrations are much higher than those found in the soils from the
present study.

The U contents found in Graminae plants in our study are similar or
lower that those reported for other mining areas. Favas et al. (2016)
showed that Graminae plants growing in an abandoned mine located in
the important uriniferous region of Beiras (Central Portugal) presented
concentration of U between 0.2 — - 6.0 mg kg 1. However, these authors
pointed out that these plants accumulate the most important amount of
this element in roots. This fact reinforces the use of these plants for
phytoremediation of soils polluted with U, since even though certain
amounts of U can be accumulated aboveground most of this element is
excluded at the root level. Additional research is needed to evaluate
whether this U accumulation could, although low, can have any impli-
cation for the food web.

Finally, it is important to remark that rainfall can influence the
dissolution of U in soil, making it more bioavailable, and therefore
rainfall can be a determinant factor in the absorption of this element by
plants. This fact has been considered in an area close to the site of this
study (Gil-Pacheco et al., 2021). Therefore, the variability of U accu-
mulation in plants reported here could be also related to the inter-annual
variability of rainfall.

The rest of the studied plants (Table S2) only showed values above
normal levels for Cd, Mn and U. In the case of Cd, although its con-
centration and availability in soils was moderate, the two Dittrichia
species, C. salviifolius, Helichrysum sp. and Sonchus sp. tended to its
accumulation. The capacity of D. viscosa to accumulate Cd into leaves
had also been observed in some Mediterranean sites affected by long-
term mining activities (Dominguez et al., 2017; Gomez-Ros et al.,
2013). Similar results for Cistus species were found in other study for
Cistus ladanifer although the content of Cd in soils was low (Madejon
et al., 2021).

Manganese was the only element with concentrations in some sam-
plings that could be in the range of toxicity for animals. However,
essential metals such as Mn and Cu are generally less toxic than
nonessential metals such as Cd and Pb (Yasutake and Hirayama, 2002).
Moreover, at the end of the study only L. angustifolia reached concen-
trations of Mn above toxic levels. Rossini-Oliva et al. (2019) also found
high levels of Mn in other species of Lavandula.

Regarding U accumulation by these non-grass species, Favas et al.
(2016) found concentrations of U in the aerial parts of species of Cistus,
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Lavandula and D. viscosa similar to those obtained in this study. That
study also showed that U content in the aerial part of numerous plants
from different families was lower than that found in the roots, so that the
transfer of U to aboveground biomass is partly excluded. As discussed
above, this is a positive feature as prevents a high accumulation of U
through the food web of the area. Interestingly, the concentrations in
some woody plant species, such as Lavandula, were similar to the
accumulation of U in other shorter-lived species, such as grasses. Other
works have reported a higher accumulation of U in long-lived shrubs
species than in annual plants in abandoned U mines (Wetle et al., 2020).

4.4. Implications for the management of mine waste dumps

Restoration of open pit mines is a challenge for mining industries.
Due to the large degree of land degradation provoked by metal extrac-
tion, usually affecting large surface areas, there are not many options to
restore the ecosystem and the landscape without costly actions from the
economic and the resource point of view. One of the most successful
technologies is undoubtedly the creation of artificial soils or Technosols,
which is an immediate solution for creating and managing a new
ecosystem capable of supplying key ecological processes in the short-
term. This is an artificial soil prepared with organic and inorganic
waste materials, non-toxic or dangerous, capable of performing envi-
ronmental functions and supporting plant growth. In fact, Technosols
are being used at the site of study with positive results (Escolano et al.,
2021), especially in areas where the total absence of soil exposes pyritic
rock with the negative consequences for drainage waters. First results of
this study with Technosols have shown an increase in the stabilization of
soil carbon in the treated soils, which has initiated a recovery of soil
functionality, increasing the biological activity and diversity, enhancing
the soil buffering capacity and reducing erosion by surface runoff. The
cost of the added material, however, is large, which can limit its use to
entire waste dumps.

Our study has demonstrated that the implementation of assisted
phytoremediation, through the addition of cheaper liming agents such
as SL and the subsequent development of vegetation (spontaneous or
induced) in shallow areas, can be a more economical solution, especially
in countries where the restoration of mines does not have enough re-
sources to create these artificial soils. The increase in organic matter that
is naturally produced by the restoration of vegetation, together with the
neutralizing power of the material, are fundamental tools to stabilize
soils and to improve their physico-chemical and biological properties. It
must be considered that in the present study just a single application of
the liming agent was made.

There is little published information about mine rehabilitation suc-
cess (Hernandez-Santin et al., 2020) and our study adds new data about
the evolution of soil, plant and water quality over the rehabilitation of
this U mine. As ENUSA Company did along this experimentation, we
strongly encourage mine companies to collaborate with environmental
scientists to promote a higher dissemination of the results of different
approaches, which can help to facilitate the decision-making process in
other mine rehabilitation projects.

5. Conclusions

The assisted phytoremediation had positive effects on soil conditions
in an abandoned U mine, by promoting the growth of induced and
spontaneous vegetation. This, in turn, increased soil organic matter and
fertility. These effects resulted in a reduction of the bioavailability of
potentially toxic elements, such as U and Mn, the most worrisome ele-
ments in the system. Indeed, accumulation of U, Mn and other trace
elements in plants tended to decrease with time and did not pose any risk
for the food web, confirming the stabilization on these elements into soil
after amendment application. In addition, effects on sugar beet lime on
soil physico-chemical properties lasted for at least 69 months. Given that
this is a low-cost material, its use for the reclamation of similar large
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mining areas could be a cheap and feasible approach, although long-
term monitoring of trace element dynamics is always recommended.
This full-scale field study could be possible thanks to the collaboration
with the mining company; this cooperation between managers and sci-
entists is critical to promote a higher dissemination of the results of
different rehabilitation approaches.
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