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ARTICLE INFO ABSTRACT
Keywords: This work aims to establish Sb mobility, its transfer to biota and its effect on soil health in a semi-arid climate.
Sb The results show the presence of stibnite (Sb,S3) as the main primary Sb compound, bindhemite (PbySb20g(O,
Que'rcus' ) OH)), and minor proportions of stibiconite (Sb®*(Sb%"),04(OH)) as oxidised Sb species. This research also ob-
:;i’sﬁ;zlhty serves very high total Sb contents in mining materials (max: 20,000 mg kg™1) and soils (400-3000 mg kg™1),

Enzymatic activity with physical dispersion around mining materials restricted to 450 m. The soil-to-plant transfer is very low,
BCR (bioaccumulation factor: 0.0002-0.1520). Most Sb remains in a residual fraction (99.9%), a very low fraction is
bound to Fe and Mn oxy-hydroxides or organic matter, and a negligible proportion of Sb is leachable. The higher
Sb mobility rates has been found under oxidising conditions with a long contact time between solids and water.
The main factors that explain the poor Sb mobility and dispersion in the mining area are the low annual rainfall
rates that slow down the Sb mobilisation process and the scarce formation of oxidised Sb compounds. All these
data suggest poor Sb (III) formation and a low toxicological risk in the area associated with past mining activities.
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The low mobility of Sb suggests advantages for future sustainable mining of such ore deposits in a semi-arid
climate and is also indicative of the limitations of geochemical exploration in the search for new Sb deposits.

1. Introduction and background

Antimony (Sb) has been considered by the European Union (EU) to
be a Critical Raw Material, given the relevance of this element for Eu-
ropean economy and its poor availability. China (74%), Tajikistan (8%)
and Russia (4%) are the main countries that supply Sb worldwide (Eu-
ropean Union, 2020). In 2020, the EU totally depended on imports to
ensure the supply of this element, which is essential in industrial sectors
like flame retardants, defence applications and lead-acid batteries (Eu-
ropean Commission, 2020). The EU has been promoting research to
solve this problem by reusing and recovering Sb in mining or industrial
facilities, and by also promoting the identification of Sb ore deposits to
be sustainably exploited. Within the EU Cofunded ERA-MIN Joint Call
2021 framework (ERAMIN, 2021), the AUREOLE research project aims
to generate the best prospecting and exploitation techniques for Sb de-
posits to increase the potential Sb resources in western Europe (France,
Spain and Portugal). This last aspect is particularly significant in the
circular economy context adopted by the EU, where the value of prod-
ucts, materials and resources will be maintained in economy as long as
possible by minimising waste generation. Although Sb has a high recy-
cling input rate, developing the circular economy concept will be
essential to ensure its production.

The Iberian Peninsula encompasses all the Sb deposit types, where the
main mineral carrier of Sb is stibnite (Sb,S3), and these antimony-bearing
deposits represent the largest Sb deposits worldwide. Other scarce types
of deposits where Sb is a co- or by-product are represented by intrusion-
related gold and polymetallic deposits, where Sb is hosted by sulfosalts
(Schwartz-Schampera et al., 2014). This study focuses on stibnite de-
posits. According to Gumiel and Arribas (1987), there are 61 Sb deposits
and occurrences, including vein-type deposits, strata-bound deposits and
Sb deposits in volcanic dykes, in the Iberian Peninsula. Most of these Sb
deposits are related to the Variscan orogeny and preferentially located in
the southern Central Iberian zone. The most frequent mineral association
is quartz-stibnite (La Balanzona, among others), but there are others with
important deposits like quartz-stibnite-gold (Mari-Rosa mine, Ortega
et al., 1996), carbonate-quartz-stibnite-sphalerite-gold (Ribeiro da Igreja
mine), carbonate-quartz-stibnite-galena-silver = (Diogenes  mine),
quartz-stibnite-sphalerite (Nazarena mine, Boixereu Vila and Fernande-
z-Leyva, 2019), quartz-stibnite-scheelite (San Antonio mine, Arribas and
Gumiel, 1984; Alvarez»Ayuso et al., 2022) and quartz-stibnite-covellite
(Accesos mine, characteristic of the southern branch of the Variscan
belt) (Gumiel and Arribas, 1987). Accordingly, the diversity of mineral
associations is wide in the Iberian Peninsula, which implies considerable
complexity when evaluating Sb mobility in such heterogeneous contexts.
Pyrite, chalcopyrite and arsenopyrite are common in some of these de-
posits and present an acid mine drainage (AMD) generation potential that
would increase the mobility of not only Sb, but of other metals and
metalloids (Bolan et al., 2022). However, other factors may be involved in
Sb mobility, especially climate conditions, which determine the weath-
ering rate of these mineral deposits (Casiot et al., 2007; Borcinova Rad-
kova et al., 2020).

In ore deposits, Sb can be released by stibnite dissolution under
oxidising conditions, which produces several Sb secondary minerals like
tripuhyite (FeSbO4), senarmontite (SbyOs), romeite (CazSbyOcOH),
cervantite (Sby04), kermesite (SbyS,0) and valentinite (Sby03) (Cour-
tin-Nomade et al., 2012; Roper et al., 2012). Sb mobility is related to the
four oxidation Sb states in the environment (—III, 0, III, V), and Sb (III)
and Sb (V) are components of the most frequent mineral species. In
initial stibnite weathering stages, Sb (III) usually forms valentinite
(SbIZHO3), and a mixture of Sb (III) and Sb (V) forms stibiconite
(Sb™(Sb¥),06(OH)) (Szakall et al., 2000; Ashley et al., 2003). Sb (III) is

generally expected to be the major phase under anoxic conditions, with
Sb (V) under aerobic conditions (Filella et al., 2007). If Sb (II) is
detected in groundwater, Sb (V) is generally the main aqueous Sb species
in surface waters (Li et al., 2016). The important factors involved in Sb
mobility are pH and microorganisms (Loni et al., 2020). Sb in soil is
preferentially absorbed in Fe oxyhydroxides (Johnston et al., 2020). The
role of SOM in Sb retention is still being discussed because bioavailable
Sb retention processes have been described for plants (Steely et al.,
2007), as have dissolution processes after applying compost to
contaminated soils (Verbeeck et al., 2020).

Murciego et al. (2007) described Sb accumulation patterns for three
shrub plant species: Cytisus striatus, Cistus ladanifer and Dittrichia viscosa.
Low Sb concentrations were found in Cytisus striatus (0.06 mg kg ' in the
Mari Rosa mine), with higher contents in Cistus ladanifer (reaching 79.3
mg kg™! in the San Antonio mine) and much higher ones in Dittrichia
viscosa (1136 mg kg~ ! in the San Antonio mine). Cytisus striatus pre-
sented Sb excluder characteristics, whereas Dittrichia viscosa specimens
showed significant Sb bioaccumulation.

The present work aims to investigate Sb mobility under outcrop
conditions or in abandoned mining exploitations to explore the influ-
ence of soil and/or sediment geochemistry on the discovery of Sb de-
posits, and to predict Sb leachability in reservoirs and mining waste.
These two secondary objectives will also contribute to improve methods
for prospecting and exploiting this type of deposits. To meet these ob-
jectives, an ore deposit type was selected in the Central Iberian area,
namely the derelict La Balanzona mine (Cérdoba, Spain).

2. Experimental section

2.1. Sampling

The sampling strategy included a first stage to recognise the main Sb
mines in the Guadalmez syncline. It was followed by a second phase that
consisted in the systematic sampling of the soils and local vegetation in
the La Balanzona mine. In the first sampling phase, rock samples, mining
waste materials, soils and sediments were collected at the abandoned La
Balanzona mining site and also in nearby outcrops (distance <5 km),
found following tectonic alignments. Rock samples were collected from
outcrops (mainly quartzites) using a geologist’s hammer and were
bagged with an identifying code. Mining waste materials were collected
from dumps using a plastic shovel for finer materials and large ore
blocks were collected by hand. Finally, the soil and sediment samples
were collected using an Ejkelkamp sampler capable of collecting two
samples at different depths: superficial (depth 0-15 cm) and deep (depth
15-30 cm). At each sampling location, three subsamples were collected
within a 5-m radius and a composite sample weighing about 4 kg was
obtained after mixing.

In the second surveying phase, a sampling network was designed to
collect soil samples at the La Balanzona mine. Samples were separated
by 120 m, and densification in the mining operations area included a 60-
m separation. Fifty-seven soil samples were taken at two depths
following the methodology set out in the previous paragraph (Fig. 1).

Samples of Quercus rotundifolia leaves (the most ubiquitous and
representative vascular plant) were collected from several adult speci-
mens (fully developed trees) in an attempt to sample all the space di-
rections from each tree at an approximate height of 2 m. Each leaf
sample was cut from the tree using pruning shears and was stored in a
paper envelope labelled with the sample code to be transported to the
laboratory.
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2.2. Sample preparation

Soil sample preparation included drying at room temperature for 15
days, disaggregation, and homogenisation prior to sieving at 2 mm to
obtain two representative aliquots of 50 g: one for the analysis, which
was ground in an agate mortar for 2 min until an approximate grain size
of 100 pm was obtained; another for the physico-chemical de-
terminations, including reactivity (pH), salt contents (electric conduc-
tivity), soil organic carbon (SOC) and dehydrogenase activity (DHA),
which remained with their original granulometry. Tree leaves were
thoroughly washed with deionised water and dried in an oven at 42 °C
for 168 h. Subsequently, leaves were separated from stems by hand
using nitrile gloves and ground in a scientific mill.

2.3. Mineralogical characterisation and geochemical analysis

Mineralogical characterisation was conducted using X-Ray Diffrac-
tion (XRD) conducted on the milled samples. Diffractograms were ob-
tained at IRICA-UCLM with Bruker D8 Advance A25 equipment during a
15-min work programme. Measured patterns were qualitatively and
quantitatively analysed with the Match v.3 and the Fullprof software for
Rietveld analyses, respectively (Moore and Reynolds, 1997). Diffracto-
gram interpretation focused on identifying the presence of quartz, Fe
oxides and mineral phases containing Sb.

Major and trace elements from the soil and biota samples were
quantitatively determined by Energy dispersive X-ray fluorescence
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(EDXRF) using a Panalytical device (Epsilon 2 model). Each sample was
analysed in duplicate during a 24-min run to perform four energy passes
for the selected groups of elements. The quality control consisted in
analysing both duplicates and certified reference materials: NIST 2710a
for soils and BCR62 for leaves.

Total Hg was determined by atomic absorption spectrometry (AAS)
with a Lumex RA-915 M device equipped with a Pyro-915+ pyrolysis
unit. Samples were pyrolysed at 900 °C according to a gaseous Hg
atomisation method, which is drawn by a stream of carrier air at 3 L
min~! to the analytical cell (Esbri et al., 2021). The quality control
included the analysis of the previously mentioned certified reference
material for the soil and leaf samples, with a recovery rate of 99-105%
and 92-114%, respectively.

2.4. Sb mobility and enzymatic activity

Dehydrogenase activity was measured following colorimetric tech-
niques using a Biochrom Libra S60 spectrophotometer (Biochrom, UK)
running at 485 nm and according to the triphenyltetrazolium chloride
(TTC) method described by Casida (1977), as modified by Barajas
(2008) and Montejo et al. (2012). A homogenised soil sample (1.5 g) was
placed inside a test tube and mixed with 1.5 mL of deionised water,
0.015 g of CaCO3 and 0.250 mL of TTC (3% v/w) to be vortexed (2 min)
and incubated (Memmert In 30) at 37 °C for 24 h. Afterwards, samples
were vortexed using methanol as an extractant agent and tubes were
centrifuged (Ortoalresa, Unicen 21) at 4000 rpm for 10 min. The
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supernatant was analysed in a UV-visible spectrophotometer at 485 nm
(Gonzalez-Valoys et al., 2021). Data were expressed as pg TPF gl
day™L.

To study Sb leachability and bioavailability, modified BCR sequen-
tial extraction was carried out. This sequential extraction procedure
(SEP) consisted in three successive extractions from which three extracts
and the residual fraction were obtained. The methodology was based on
the BCR method (Quevauviller et al., 1997), adapted to a 4-step scheme
as reported by, for instance, Sahuquillo et al. (1999) and Delgado et al.
(2011). Briefly, the different SEP steps allowed four fractions to be
differentiated: the first fraction (F1), extracted by a solution of 0.11 M
acetic acid, releases the species that are soluble in water, easily leached
by weak acids and associated with soluble carbonates; the second frac-
tion (F2), extracted by 0.5 M hydroxylamine hydrochloride (pH 1.5 with
2 M nitric acid), consists of easily reducible species associated with Fe
and Mn oxy-hydroxides; the third fraction (F3) includes digestion by 8.8
M hydrogen peroxide (several hours at 85 °C) and a later extraction with
1.0 M ammonium acetate (pH 2.0 with concentrated acid nitric), and
comprises easily oxidisable species, mainly associated with organic
matter and sulphide minerals. The residual fraction was determined by
making a calculation between the difference of pseudo-totals and mobile
fractions. BCR 701 certified reference material was used to evaluate Pb
recovery (between 95 and 98%). As Sb is not certificated in this refer-
ence material, its recovery could not be evaluated.

Samples were also subjected to microwave-assisted acid digestion
with aqua regia according to EPA method 3051A (USEPA, 2007) to
analyse acid-extractable fraction concentrations (Melaku et al., 2005;
Higueras et al., 2017). After filtering with Whatman filters (8 pm), the
analysis of the total Sb and Pb fractions was performed by
High-Resolution Atomic Absorption Spectrometry with Analytic Jenna
ContrAA-800D equipment. To quantify Sb, Atomic Fluorescence Spec-
troscopy by Hydride Generation (AFS-HG) was applied using a PSAna-
lytical, Millennium Excalibur model with 0.1p Lt sensitivity for the
explored concentration range. Certified reference material NIST 2710A
was also digested and analysed in triplicate, with 92% and 95% recovery
for Pb and Sb, respectively.

Long-term (2 months) leaching experiments were performed with
three soil samples. They presented: high (BA 001; 20,260 mg kgfl),
medium (BA 002; 17,352 mg kg™!) and low (BA 003; 3377 mg kg™!) Sb
concentrations. Slurries were prepared with 20 g of dry soil and 200 mL
of mineral water (composition close to rainwater, Mont Roucous water,
pH = 6.38, electrical conductivity = 160 pS cm ™}, Cl- = 56 pM, NO3 =
24 pM, SO~ = 16 pM, Nat = 109 puM, K™ = 7.7 uM, Ca%" = 25 pM,
Mg = 21 pM). Aerobic incubations were performed in 500 mL erlen-
meyer flasks sealed with cotton stoppers. Anaerobic incubations were
carried out in 500 mL Shott bottles sealed with rubber stoppers and filled
with Ny 85% Hy 15% as a gas phase (1 atm above ambient pressure).
Sampling events were run once weekly for the first month, and then at
the end of incubation (day 64). After pH measurements, 5 mL samples
were filtrated (0.45 pm), acidified with concentrated HNO3 and then
analysed by oven SAA (Varian) for the total Sb determinations.

3. Results and discussion
3.1. Rock and soil samples characterisation

Main mineral phases of the area has been identified on rock samples
(quartzite) by XRD as stibnite (SboS3), with bindehimite (PbySbyOg(O,
OH)) and stibiconite (Sb>*(Sb>"),06(OH)) as the main oxidised phases.

The results of the multielemental analysis performed with the soil
samples showed that Si, Al Fe, Ti, K, P and Ca were the major elements
in decreasing order of concentration, together with Mn, Zr, Sb, Co, Pb,
Ba, V, Cr, Zn, Ni, Rb, Sn and Sr as the trace elements in decreasing order
of concentration (above 50 mg kg_l). Cu, Y, Yb, As, Nb, Ga, Cs, Mo, Th,
Br, Pd and Re were quantified below 50 mg kg™! (Table S1). Quercus
leaves showed a more reduced distribution of major elements (Mn > Cl
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> Eu > Zn > Sn) than soils, with the following most important trace
elements in decreasing order of concentration: Ni > Br > Sr > Ce > Rb >
Sb > Zr > Pb (Table S1).

With an average SiO2 content close to 50%, the La Balanzona area
soils can be defined as siliceous, with high Fe;O3 contents and Sb and Pb
as the most important trace elements. These two elements appeared in
the area at higher concentrations, while the distribution of the data in a
probability plot (Fig. S1) showed that Sb had a background population
at very low concentrations, another transition population between 23.4
mg kg ! and 524.8 mg kg~ !, and a last anomalous population above
524.8 mg kg~ . This distribution is consistent with the sampling design
being so close to the mineralisation and mining area, and with only a few
background values among the analysed data. The other trace element
obtained at appreciable concentrations was Pb, which showed a
different distribution in two populations: one with a broader back-
ground (below 380.2 mg kg™1) and another anomalous one above 380.2
mg kg!. These differences between data populations imply that,
although these two elements appeared in the area, there had to be an
additional source of anomalous Pb values there to explain these differ-
ences, or the Sb and Pb primary mineralisations were not syngenetic.
The spatial distribution of these two elements also presented different
distribution patterns (Fig. 2).

The average pH value of soils was 6.0 with values close to neutrality.
EC values were around 38 pS cm ™, which implies quite low salt content
values. SOC contents were 4% on average, which are low, but not
particularly rare values for poor developing soils of scarce agricultural
use. None of these values showed significant differences between the
superficial and deep samples (Table S2) which, according to these var-
iables, implies low degrees of the modification of soil characteristics by
mining activity.

3.2. Total and available Sb and Pb concentrations and their spatial
distribution

The total Sb concentration in the mining area was around 62-fold
higher than the lowest concentration obtained in the agricultural soils
located far from the mine (1175.2 mg kg™ ! vs. 19.4 mg kg™ 1). The
reference Sb value for the Castilla-La Mancha (Spain) soils was 2.76 mg
kg*1 (Jiménez Ballesta et al., 2010), which was below the minimum
total Sb value in the studied samples. Therefore, the entire area could be
considered to be Sb-enriched, since the low Sb content reach 7 times this
background value. Locally, the reference value must be higher in the
Palaeozoic materials of the Guadalmez syncline than in the reference
values of the entire Castilla-La Mancha region. The most recent data
indicates a total Sb value of 9.1 mg kg~! in syncline soils (Rivera-Jurado
et al., 2021), which was around 2-fold lower compared to the minimum
concentration recorded at La Balanzona (19.4 mg kg ™1). In this work, we
considered a local geochemical background Sb level at concentrations
below 23.4 mg kg1, which implies clear Sb compositional anomaly in
the working area, probably produced by the presence of the Sb mineral
masses there. Mining materials indicated extreme Sb concentrations of
around 20,000 mg kg_1 (Battaglia-Brunet et al., 2021). These values are
similar to the highest values published in mining areas (Wang et al.,
2010).

The distribution of the main trace elements (Sb, Pb, Cr, Ni) revealed
three differentiated zones in the study area: (i) a central zone with high
Sb values influenced by the presence of ore deposits and mining work;
(ii) a second area located SW and dominated by mafic elements linked
with the outcrop of a mass of diabases or dolerites; (iii) a third zone
occupied by agricultural soils with Sb values below the local geochem-
ical background or belonging to the transition population data in the
mining dispersion area of influence (Fig. 2). The central area extension is
controlled by topography due to the location of the ore mass in the
highest part of the quartzite relief. Although Sb distribution is favoured
by slopes of 11-32%, the area of influence showing concentrations
>120 mg kg~! is very narrow, with about 450 m in the direction of the
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Fig. 2. Dispersion area around the La Balanzona mine
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quartzite strata and 500 m wide in the perpendicular direction towards
both sides of the relief. The extension of the areas respectively
contaminated by Sb and Pb significantly differs. The Pb contamination
area appears to extend more towards the W and SSW directions than the
Sb area, perhaps due to differences in Sb-Pb ore deposits emplacement
or due to differences in mobility patterns of these two potentially toxic
elements. This finding suggests that Pb could be more mobile than Sb.

The second area has a diabase outcrop extension because of the flat
topography and without an appreciable slope to favour physical
dispersion. The highest Cr and Ni concentrations were 67-108 mg kg !
and 87-149 mg kg~!, respectively, which are much higher than the
reference values for Castilla-La Mancha of 56.5 and 20.8 mg kg !,
respectively (Jiménez Ballesta et al., 2010).

The Sb concentration in the third area was below 120 mg kg~ ! with a
coincidental extension of agricultural soils. These soils present anoma-
lous ClI contents, perhaps of anthropic origin, and are mainly from the
potash fertilisers extracted from natural deposits (Susarla et al., 1999)
and/or the manure originating from intensive livestock activities (Wan
et al., 2018).

BCR sequential extraction differentiated four fractions with graded
mobility. The first fraction (F1) was rich in species soluble in water, and
easily leached by weak acids and associated with soluble carbonates.
The second (F2) consisted of easily reducible species associated with Fe
and Mn oxyhydroxides. The third fraction (F3) included the easily oxi-
disable species, mainly associated with organic matter and sulphide
minerals. The fourth (F4) contained those species extracted from sili-
cates or sulphides with very low solubility. The BCR extraction data
revealed that the residual fraction was the most dominant for Sb, with
99.9% values for all the samples except for two, for which the other
fractions reached proportions of 0.15 and 0.05 (Fig. 3a). This means that
the amount of Sb in mobile or available fractions was negligible. This is
consistent with previous data indicating 97.6-99.6% Sb in residual
fractions (Alvarez-Ayuso et al.,, 2012 and 2022) in agricultural soils
polluted by mining activities in the Zamora province (Spain) and in San
Antonio mine, respectively. Per land use type, only the very minor Sb
fractions F1, F2 and F3 were quantified in mining soils, mainly due to
the detection limit of Atomic Absorption analysis (total Sb concentra-
tions in mining soils were much higher than in others). However, Pb
behaviour seemed different with a residual fraction that often remained
dominant (40-90%), but with large Pb fractions bound to Fe and Mn
oxides (F2) and a very low proportion bound to organic matter/sul-
phides (F3) (Fig. 3b). Some samples showed very small Pb proportions
(<5%) easily leached by weak acids and associated with soluble car-
bonates (F1). Per land use type, the distribution pattern of the Pb frac-
tions seemed more significant, with very constant and large Pb fractions
bound to Fe-Mn oxyhydroxides (F3) in diabase soils, and majority re-
sidual fractions in mine soils. Agricultural soils presented very wide
variability, with similar residual fractions (RF) to those found in diabase
soils and a variable Pb proportion bound to Fe-Mn oxyhydroxides.

The long-term leaching tests resulted in greater Sb mobility under
aerobic vs. anaerobic conditions (Fig. 3c and d). After 60 leaching days,
dissolved Sb represented between 0.1% and 0.3% of the total soil Sb for
the anaerobic conditions, and between 0.6% and 1% of the total soil Sb
for the aerobic conditions.

3.3. Engymatic activity (DHA)

Dehydrogenase activity (DHA) was studied in a selection of samples
representing different soil types: diabase, agricultural and mining. The
results indicated that the DHA values fell within a narrow range
(59.4-181.2 pg TPF g ! d1) and generally took low values. They were
much lower than the DHA values described by Campos et al. (2018) for
Hg-contaminated soils in Almadenejos (484 + 269), but similar to those
in Hinojosa et al. (2004) for soils contaminated by heavy metals due to
the Aznalcollar spill (70 pg TPF g~ d~1) (Fig. S2a), and higher than the
DHA values at the San Quintin site, where a Pb—-Zn mine obtained 70.98
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+ 50.92 for the reference soils near the mine, and 2.85-2.52 in dumps
and tailings, respectively (Gallego et al., 2021). A clear gradation of
decreasing DHA values was observed for the soils on diabase to agri-
cultural soils and mine soils (the location of these soils is seen in Fig. 2).
We think that these DHA differences in the soils on diabase can be
explained by compositional differences for being soils under similar
physiographical and use conditions as the agricultural soils to the North
and South of the quartzite ridge where the stibnite deposit is located. A
statistically significant relation was found between SOM and DHA (1 =
0.74) (Fig. S2b). It is unclear whether the low DHA values in mine soils
were due to low SOM contents because these soils develop in an elevated
area with poor edaphic development and sparse forestry, or due to the
negative effect of Sb and/or associated elements like Pb on soil
microorganisms.

3.4. Quercus leaves

In the analysed Q. rotundifolia leaves, the identified major elements
(>1000 mg kg) included Ca, K and Si at average concentrations of
6,722, 4469 and 1363 mg kg, respectively. A second group of elements
reached significant concentrations: Al (942 mg kg), P (741 mg kg™,
Mn (662 mg kg'!), Fe (190 mg kg'!) and CI (113 mg kg™}). Ti, Zn, Sn, Br,
Cu, Sr, Ni, Sb, Rb, Zr and Pb were also identified at trace levels. The Sb
concentration range was very narrow (1.45-3.85 mg kg!) with slight
variability. The only elements of the plant bioconcentrates with higher
values were Ca, S and Mn and, to a lesser extent, Br. The Sb data pop-
ulation showed an anomaly threshold at 2.51 mg kg™ with a very
extensive anomalous data population in the study area (Fig. 4). It can be
stated that all the quantified elements had bioaccumulated in leaves by
root uptake and translocation to the aerial part or by direct uptake from
the atmosphere in the form of gas (especially for Hg, as shown by other
studies; see Naharro et al., 2020 and references within).

The Bioaccumulation factors (BAFs) showed very few bio-
concentrated elements (BAF >1). On average, only Br, Mn, Ca and S,
plus some data about Eu and Cu, presented BAF >1 (Fig. 4). The BAFs of
the elements present in mineralisation (Sb and Pb) had very low values
in the order of 0.0002-0.1520 for Sb and 0.0000-0.0168 for Pb. These
values indicated very poor uptake for both these elements and are
similar to those reported for the Bombita mine, a Pb-Zn—-Cu mine in
Spain (0.006 + 0.006), but lower than those for other nearby Pb-Zn
mines like San Quintin (0.048 + 0.060) and La Romanilla (0.062 +
0.071) (Higueras et al., 2017). Antoniadis et al. (2022) described a low
absorption capacity of Sb in olive trees. Murciego et al. (2007) shows
higher BAF levels for Dittrichia viscosa (a shrub plant species) in the San
Antonio mine. The distribution of these BAFs in the study area revealed
that only Cu bioaccumulated in the central quartzite zone where min-
eralisation was located, and to a lesser extent Mn, while the other ele-
ments had higher BAF values in agricultural soils or on diabase, with Br
clearly illustrating this trend (Fig. 4).

3.5. Discussion

Overall, the obtained results describe a barely extended study area
(0.6 kmz), in which stibnite (SbyS3) mineralisation is located on the
central quartzite massif in a topographically elevated position. Given the
elevated physiographic position of the mineralised body, physical and
chemical dispersions are favoured, but the dispersion halo of high Sb
concentrations does not exceed a radio of 120 m around mining works.
The total Sb distribution in the area suggests this element’s low mobility.
This was confirmed by the BCR extraction carried out for Sb and Pb,
which overwhelmingly (>99.9%) indicated Sb proportions in the re-
sidual phase, probably linked with sulphides. Pb mobility was greater,
with a sum of mobile fractions (F1 + F2 + F3) within the 20-50% range,
but no acidity was generated in the area during and after mining
exploitation. The effect of Sb and Pb on the enzymatic activity of soil
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Fig. 4. Probability graph of the Sb concentrations in the Q. rotundifolia leaves from the La Balanzona mine (left); the bioaccumulation factor for some selected
elements (right) and the spatial distribution of the BAFs of some selected elements at the La Balanzona mine (see Fig. 1 for geological features). All values are

expressed as mg kg .

microorganisms was not significant. Organic matter was a more influ-
ential factor on the DHA values than the higher or lower Sb and Pb
concentrations in soil. Diquattro et al. (2020) also found very low DHA
values in soils doped with Sb (V), and their estimated probable cause
was the importance of Sb concentrations in reducing soil enzymatic
activity by interacting with the enzyme-substrate complex, enzyme
denaturation or interacting with protein-active groups (Nannipieri et al.,
2003). In our case, the low SOM values seemed to act as a limiting factor,
which could be important given these low DHA values. Finally, the
soil-plant transfer was not high for Sb or Pb, although the bio-
concentration of other elements (i.e. Mn) was observed in Q. rotundifolia
leaves.

In this oxidation scenario of a practically monometallic deposit, the
BCR sequence extraction results revealed an extremely low proportion
of Sb-soluble phases (F1 + F2 + F3) compared to that of Pb. These results
suggest an important role of Fe-Mn oxyhydroxides as immobilisers of Pb
under oxidising conditions, but not in contrast to Sb as previously
described by Belzile et al. (2001). Cappuyns et al. (2021) reported very
similar results in mining waste and soils in an Sb mine in Vietnam, where
less than 1% of the total Sb content in samples was released to water
during short-term leaching tests. Here long-term leaching tests were
performed with the La Balanzona soils, whose duration allowed

microbial processes to occur, and revealed greater Sb mobility under
oxidising conditions vs. reducing conditions. These results agree with
previous reports (Casiot et al., 2007; Li et al., 2022), which suggest that
microbial sulphur and Sb (III) oxidising activities might mobilise Sb.
However, this mobilisation implies a long contact time between solids
and water, which is hardly a compatible scenario to the climate and
topographic conditions at the La Balanzona site. In another context,
Okkenhaug et al. (2011) described high Sb leaching levels at an active
mining site in China controlled by the presence of Ca [Sb(OH)gls.
However, this case is not comparable to the La Balanzona mine
conditions.

The herein described low Sb mobility in an oxidising environment,
together with no relation linking Sb, Pb and soil enzymatic activity,
constitute a framework of favourable conditions for exploiting similar
deposits under comparable environmental conditions without having to
implement expensive mining effluent control systems that limit the
dispersion of the extracted element. However, the use of soil geochem-
ical data to prospect Sb deposits is seriously limited by this low mobility.
Nevertheless, by using pathfinder elements (As, Mn) patterns, in which
single-element Sb patterns failed, could be a way to improve the
detection of Sb mineralisation (Lemiere et al., 2020). The dispersion of
the elements of an ore deposit depends on factors like redox, acid-base or
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hydrolysis processes that recycle minerals and their associated elements
by incorporating them into soil. There are three components in the
secondary geochemical dispersion of elements: physical, chemical or
biogenic. In the Balanzona mine, only physical dispersion seems to act
because mineralisation is located in a topographically elevated position
on rocks that withstand weathering and generate a mountainous relief.
Chemical dispersion seems very limited by the low solubility of Sb
compounds, a predictable fact for primary minerals, but not for oxidised
phases. It is necessary to highlight that oxidised phases in quartzite are
scarce and restricted to the rock fractures in the most external zones of
quartzites.

What do we know about biogenic dispersion? The Sb contents in
Q. rotundifolia leaves do not offer promising results, with very narrow
variability and their spatial distribution is incoherent with the presence
of mineralisation. In general terms, woody vegetation often accumulates
more Sb than non-woody vegetation. Species like Picea glauca are
capable of bioaccumulating Sb in their roots (Busby et al., 2021),
although it seems that translocation to the aerial part is inhibited,
probably due to the element’s toxic character. Guarino et al. (2021)
described high Sb levels in Olea europaea leaves whose origin is airborne
particles. So woody tree leaves are not expected to be used for pro-
specting Sb ore deposits by remote sensing technologies (Wang et al.,
2018), but can provide valuable data as biomonitors during mining
operations.

4. Conclusions

Sb mobility and transfer were investigated in an abandoned mine
with a semi-arid climate where oxidation processes predominate. The
main findings are:

- Very high total Sb contents appear in mining materials (max: 8450
mg kg!), dispersed in a very small area around the ore deposit
(<300 m). Pb contents are also significant and form part of the
oxidised Sb phases

- BCR extraction indicates extremely low Sb mobility, supported by a
slight Sb transfer to the leaves of the most conspicuous plant species
in the area: Quercus rotundifolia trees

- The effect of Sb on soil enzymatic activity could not be established
because soils showed slight enzymatic activities related to poorly
developed soils with low organic matter content

The La Balanzona mine results limit Sb chemical dispersion under a
semi-arid climate and with absence of acid mine drainage generation.
This context restricts the geochemical exploration possibilities of Sb ore
deposits but favours their mining exploitation by limiting effluent con-
trol measures.
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