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Abstract We investigated the fate of Sb and As down-
stream of the abandoned Su Suergiu mine (Sardinia, Italy)
and surrounding areas. The mined area is a priority in the
Sardinian remediation plan for contaminated sites due to
the high concentrations of Sb and As in the mining-related
wastes, which may impact the Flumendosa River that sup-
plies water for agriculture and domestic uses. Hydrogeo-
chemical surveys conducted from 2005 to 2015 produced
time-series data and downstream profiles of water chemis-
try at 46 sites. Water was sampled at: springs and streams
unaffected by mining; adits and streams in the mine area;
drainage from the slag heaps; stream water downstream of
the slag drainages; and the Flumendosa River downstream
from the confluence of the contaminated waters. At specific
sites, water sampling was repeated under different flow
conditions, resulting in a total of 99 samples. The water
samples were neutral to slightly alkaline. Elevated Sb (up to
30 mg L") and As (up to 16 mg L") concentrations were
observed in water flowing from the slag materials from
where the Sb ore was processed. These slag materials were
the main Sb and As source at Su Suergiu. A strong base,
Na-carbonate, from the foundry wastes, had a major influ-
ence on mobilizing Sb and As. Downstream contamination
can be explained by considering that: (1) the predominant
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aqueous species, Sb(OH),~ and HAsO4‘2, are not favored
in sorption processes at the observed pH conditions; (2)
precipitation of Sb- and As-bearing solid phases was not
observed, which is consistent with modeling results indicat-
ing undersaturation; and (3) the main decrease in dissolved
Sb and As concentrations was by dilution. Dissolved As
concentrations in the Flumendosa River did not generally
exceed the EU limit of 10 pg L™!, whereas dissolved Sb in
the river downstream of the contamination source always
exceeded the EU limit of 5 ug L™!. Recent actions aimed at
retaining runoff from the slag heaps are apparently not suf-
ficiently mitigating contamination in the Flumendosa River.

Keywords Inorganic contaminants - Hydrogeochemistry -
Slag materials - Mining environment

Introduction

Antimony (Sb) and arsenic (As) are potentially toxic
contaminants, with tens to hundreds of thousands of
individuals likely affected by mine waste-derived Sb
(Kossoff et al. 2015), and millions of individuals affected
by As toxicosis (Bhattacharya et al. 2007). Typical Sb
concentrations in unpolluted waters are <1 pg L™!, but
concentrations can reach 100 times these levels in areas
close to anthropogenic sources (Filella et al. 2002a). Sb
is present in natural waters as both dissolved Sb(III),
predominantly as Sb(OH)30, and dissolved Sb(V), pre-
dominantly as Sb(OH),~, the latter being considered
less toxic (Filella et al. 2002b; Wilson et al. 2010).
Typical concentrations of As in unpolluted waters are
<10 pg L™! and frequently <1 pg L' (Cidu et al. 2011;
Reimann et al. 2009; Smedley and Kinniburgh 2002).
Arsenic is mostly present in natural waters as dissolved
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As(III)-bearing species [As(OH)g] or dissolved As(V)-
bearing species [AsO(OH)g] and dissociated species],
with As(V) being considered less toxic (Mandal 2015).
The World Health Organization (WHO 2011) has estab-
lished guideline values of 20 pg L™' Sb and 10 pg L~}
As for drinking water, while the European Community
uses values of 5 pg L™! Sb and 10 pg L™ As (Council of
the European Union 1998).

Particularly high concentrations of Sb (Casiot et al.
2007; Filella et al. 2009) and As (Asaoka et al. 2012;
Craw et al. 2003; Frau et al. 2012; Ondrejkova et al.
2013; Ritchie et al. 2013) may occur in water draining
from abandoned mine sites. Several studies have inves-
tigated the similarities and differences of Sb and As in
aquatic systems (Masson et al. 2009; Willis et al. 2011),
including mining environments (Asaoka et al. 2012;
Beauchemin et al. 2012; Carvalho et al. 2014; Casiot
et al. 2007; Fawcett et al. 2015; Hiller et al. 2012; Mit-
sunobu et al. 2006; Okkenhaug et al. 2012; Ondrejkova
et al. 2013; Ritchie et al. 2013). Results indicate that dif-
ferent processes can affect the fate of aqueous Sb and
As in mining environments. Like As, dissolved Sb can
be sequestered by iron oxides (Wang et al. 2011) and/
or precipitated in secondary Sb-bearing minerals (Roper
et al. 2012), but can also persist in solution for tens of
kilometers from the contamination source (Ashley et al.
2003; Cidu 2011). The geochemistry behind these differ-
ences in behavior are important to understand.

This study investigated the fate of Sb and As in drain-
age waters from the abandoned Sb Su Suergiu mine (Sar-
dinia, Italy) and the receiving waters of the Flumendosa
River. The area is heavily contaminated by Sb and As,
with contaminated surface waters used for agricultural
and domestic needs (Cidu et al. 2014 and references
therein). The previous study (Cidu et al. 2014) reported
on Sb only and its dispersion in soils, water, and veg-
etation. This study presents new data on dissolved As
as well, compares the hydrochemistry of As and Sb in
receiving waters including the main river system, and
presents long-term time series trends in water chemis-
try (2005-2015). It also focuses more on the importance
of the source waste and its contribution to Sb and As
mobility. In 2008, the Sardinian Regional Government
recognized Su Suergiu as a priority in the remediation
plan for contaminated sites in Sardinia. Considering the
scarcity of funds available for remediation, results from
this study can provide valuable insight for further reme-
diation and management. This study can also determine
the likely degree of natural attenuation expected in this
fluvial system. Results can be used to establish baseline
conditions in Sb-As-contaminated areas in Sardinia and
elsewhere, and the capacity for natural attenuation.
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Study Area and Mining History
Location and Mine History

The study area is located in southeastern Sardinia (39°29'N;
09°39'9E), in the Gerrei mining district, and includes the
abandoned Su Suergiu mine, the Rio Ciurixeda catchment
area and the lower part of the Flumendosa River (Fig. 1a).
The area contains low-grade metamorphic rocks belonging
to allocthonous units emplaced during the Hercynian oro-
genesis (Carmignani et al. 1986).

The mineralization at Su Suergiu was linked to mag-
matic-hydrothermal activity contemporaneous with the
main Hercynian deformation phase (Funedda et al. 2005).
It includes stibnite, scheelite, arsenopyrite, pyrite, and gold,
with calcite and quartz in the gangue; mineralized lenses
are arranged parallel to the foliation of highly deformed
black shale and meta-limestone belonging to the cataclastic
belt of the Villasalto Fault (Funedda et al. 2005). Under-
ground mining took place from 1880 to 1960, with pro-
duction peaks in the 1920-1930’s. The foundry was active
from 1882 to 1987, with Sb-ore coming from other Italian
and foreign locations after the mine closed in 1960. The
foundry products were about 7000 t of purified stibnite,
5000 t of Sb,05, and 13,500 t of metallic Sb (Amat di San
Filippo 2014). Materials used for Sb extraction included
charcoal and Na-carbonate. Some of the residues from the
foundry activity was reprocessed. After all mining activi-
ties ceased, mining-related wastes was either deposited on
several heaps or strewn randomly on the ground (Fig. 1b).
These wastes, consisting mainly of fine materials, are most
often vegetated, while the wastes situated near streams
show evidence of erosion. The foundry slag, consisting of
residues from several periods of metallurgical processing,
was dumped in two piles (about 66,000 m>; RAS 2003)
in front of the foundry plant (Fig. 1b). They are devoid of
vegetation and have been affected by significant erosion
during storm runoff. At present, the only environmental
mitigation consists of a retaining wall built on the edge of
the slag heaps to divert runoff and minimize erosion. How-
ever, major storms have damaged the retaining wall and the
foundry wastes have been transported by runoff for long
distances downstream of the dump.

Site Characteristics

The climate is semi-humid, consisting of dry summers
and variable rainfall, mostly occurring from October to
April. Mean annual precipitation is 670 mm, and mean
annual temperature is 16 °C (RAS 1998), based on local
site data collected in 1955-1992. The permeability of the
shale is 10™-10~" m s~!; meta-limestones show higher
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Fig. 1 Geological map of the Su Suergiu area (modified by RAS, 2013 and Cidu et al. 2014) showing the location of water and solid samples
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permeability (107>-10~* m s~!), but occur in very small
outcrops (IGEA 2009). Hence, springs are scarce, with low
flows (<0.1 Ls~! under high flow conditions) and represent
groundwater circulation in the study area. The main water
course of the area is the Flumendosa River (<300 Ls™! and
>1000 Ls™!, respectively, under low and high flow condi-
tions). A few tributaries with perennial flow (>100 Ls™!
under high flow conditions) are present, whereas others
are intermittent streams. Stream and river flow may vary
substantially in a year because of the highly variable rain-
fall. The Rio Ciurixeda stream receives untreated drainage
from the Su Suergiu mine, and flows directly into the Flu-
mendosa River. Water from the Flumendosa River is col-
lected in reservoirs, which supply water for agricultural and
domestic use in the whole area.

Topography is marked by steep slopes (up to 60%),
which are covered by degraded Mediterranean maquis.
Soils at Su Suergiu are characterized by sandy loam to clay
loam texture, with 20 to 30% coarse fragments, near-neutral
pH, electrical conductivity (EC) values generally below 0.5
mScm™!, and mean organic carbon in the A horizon of 44
gkg™! (Cidu et al. 2014). Predominant minerals are quartz,
muscovite, illite, biotite, clinochlore, and montmorillonite,
with some calcite in the bedrock (Cidu et al. 2014). Anti-
mony concentrations in the soil horizons are from <8 to
4400 mgkg~! (Cidu et al. 2014), and As from 19 to 390
mgkg~!, the higher values being observed in soils close to
the slag heaps. Concentrations up to 1700 ugL~! Sb (Cidu
et al. 2014), and 18 ugL~! As were found in the pore water
of soils for the <0.45 pum fraction. Present land use is for
livestock, mainly cattle grazing. No information is available
on any signs of livestock/cattle being affected by contami-
nation in their feed.

Methods
Solid Materials

To collect data on the foundry wastes, solid materials
(3 samples) were collected in May 2014 at the slag heap
close to the SUI location (see Fig. 1). Solid samples are
made up of slag pebbles (size range: 1 to 10 cm) mixed
with coarse to fine particles. Solid samples were analyzed
as such (bulk solid) and by separating the slag pebbles.
Minerals in the bulk solids and individual slag pebbles
were identified using an X-ray diffractometer (XRD, Pan-
alytical X’pert Pro). The XRD patterns were collected in
the 5-70° 20 angular range, using the Ni-filter monochro-
matised Cu-Kal radiation (at A=1.54060 A) at 40 kV and
40 mA, and the X’Celerator detector. The detection limit of
the XRD was about 3%. The slag pebbles were investigated

@ Springer

by scanning electron microscopy (SEM, FEI Quanta 200);
semi-quantitative chemical analyses were carried out by
X-ray EDS.

In previous studies, bulk solids collected at the waste
heaps were sieved to <2mm size and submitted for leach
testing using ultrapure water (MILLI-Q>18 MQcm), the
solid to water ratio was 1: 20, and the leachate was ana-
lyzed after 2 and 24 h of interaction (Cuzzocrea 2007).

Water Samples

Hydrogeochemical surveys conducted from 2005 to 2015
produced time-series data and downstream profiles of water
chemistry at 46 sites (Fig. 1). Samples were collected from:
springs and streams upstream of and unaffected by the
mined area (Group 1; 18 sampling sites); water from adits
and streams in the mined area (Group 2a; 11 sampling sites);
water draining the slag heaps (Group 2b; 4 sampling sites);
streams downgradient from the slag drainages (Group 3; 4
sampling sites); and water in the Flumendosa River down-
stream from its confluence with the contaminated water
(Group 4; 9 sampling sites). At selected sites, water sam-
pling was repeated under different seasonal conditions over
the period 2005-2015, resulting in a total of 99 samples.

The flow was calculated by measuring water velocity
several times at different points along a specific section.
Taking into account that the bed of large streams is very
rough, flow measurements under high flow condition are
subject to large errors. However, a comparison of our data
collected on 23 May 2012 with those taken the same day by
the Flumendosa River Authority (personal communication,
Ente Autonomo del Flumendosa, Cagliari, Italy) showed
that flows were within 20% of each other. On-site meas-
urements include temperature, pH, redox potential (Eh),
EC, and alkalinity. The Eh was measured with a platinum
combination electrode, and values were checked against
ZoBell’s solution (Nordstrom 1977).

Analyses were done at the analytical laboratories of the
University of Cagliari. Alkalinity was measured both in the
field by titration with hydrochloric acid (indicator: methyl
orange) and in the laboratory with the Gran function plot
method. Alkalinity was chiefly attributed to the HCOgj
ion, since the CO32_ ion was always undetectable and the
contribution of non-carbonate species was negligible. The
water was filtered through 0.45 pm pore-size filters, on site
immediately upon collection. A filtered aliquot was ana-
lyzed by ion chromatography (IC, Dionex ICS3000). A fil-
tered aliquot was also used to determine dissolved organic
carbon (DOC) in water collected in the 23 July 2013 sur-
vey (Cidu et al. 2014). An aliquot filtered into a pre-cleaned
high-density PE bottle was acidified with supra pure HNO,
(1%, v/v) for analysis by inductively-coupled plasma mass
spectrometry (ICP-MS, PE- ElanDRC). An aliquot filtered
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and acidified with supra pure HCI (0.5%, v/v) was used for
As determination. At selected sites, an unfiltered aliquot
was collected, and filtration tests were performed on site
using both 0.45 and 0.01 um pore-size filters. Filtration
tests were carried out to distinguish the colloidal fraction
from the truly dissolved fraction. Because Fe and Al were
often below detection limit by either ICP-MS or induc-
tively-coupled plasma optical emission spectrometry (ICP-
OES, ARL3520) using external calibration, metals were
determined in the samples collected on 05 Dec. 2014 by the
standard addition method (Cidu 2000).

Concentrations of Sb were determined by ICP-MS,
using the '?!Sb and !>3Sb isotopes, and Rh as an internal
standard. Concentrations of As were determined by hydride
generation on-line with an ICP-MS (Cidu 1996). For con-
centrations >50 ugL~!, Sb and As were also determined by
ICP-OES. Concentrations of Sb(III) and As(III) were deter-
mined by anodic stripping voltammetry (ASV, Metrohm
797 VA Computrace) with a hanging mercury drop elec-
trode (Cidu et al. 2015) and a gold electrode, respectively.
The solutions SRM1643e supplied by the U.S. National
Institute of Standard & Technology (Gaithersburg, MD),
and EnviroMAT ES-L-2 and EP-H-3 supplied by SCP Sci-
ence (St. Laurent, QC), were used to evaluate analytical
uncertainties: < 5% for Sb and <10% for As.

Modeling

The WATEQ4F program was used to calculate the
quality of water analyses. It was verified by plotting
the conductivity imbalance, i.e. SCI = [(EC_,uiated
— EC peasured)/ECmeasuredl X 100, with respect to the speci-
ated charge imbalance, i.e. C.I. = [(} cations — Y anions)
/ (X cations&anions/2)] X 100 (McCleskey et al. 2011 and
references therein). The charge imbalance was within
+10%.

Speciation and equilibrium calculations were carried out
with Visual MINTEQ and the Stockholm Humic Model
(SHM; Gustafsson 2001) that includes organic species
for Sb in the database, and EQ3, version 8.0 (Wolery and
Jarek 2003), with updated thermodynamic data for Sb, as
explained in Cidu et al. (2014). The saturation state of an
aqueous solution with respect to the i™ solid phase is indi-
cated by the saturation index, SI; defined by the equation
(Langmuir 1997; Nordstrom and Campbell 2014):

0,
SI; = log X

1

where Q; stands for the corresponding ionic activity prod-
uct in the aqueous solution and K; refers to the solubility
product of the i solid phase.

Results
Solid Characteristics and Leaching Tests

In the slag heaps, weighted average values of Sb and As
were 59,300 and 666 mg kg_l, respectively (IGEA 2009).
In this study, mineral phases hosting Sb and/or As were
not identified by XRD in the bulk material nor in the slag.
Mineral phases recognized by XRD were quartz and cristo-
balite (SiO, phase at high temperature) in the slag pebbles
(Fig. 2a), and calcite, quartz, and gypsum in the bulk solids
(Fig. 2b). These results confirm previous XRD investiga-
tions carried out on 11 solid samples collected at the Su
Suergiu slag heaps (Cabras 2006). Detailed SEM images
of the slag pebbles show grayscale areas (e.g. square 1 in
Fig. 3a) and many bright spots (e.g. square 2 in Fig. 3a).
The EDS spectrum of grayscale areas shows high peaks
of Si and O, followed by Ca, Al, Fe, and Mg (Fig. 3b).
The bright spots generally have globular shape with size
between 10 and 30 um (Fig. 3c), and the corresponding
EDS spectrum shows high peaks of Sb and O (Fig. 3d),
probably indicating Sb-oxide phases.

Leaching tests carried out on the bulk slag materi-
als showed high Sb and As in the leachate (Cidu 2011)
together with high SO,~2 and Fe. High Sb may derive from
the dissolution of Sb-oxides, as suggested by the EDS spec-
trum (Fig. 3d). High As may derive from the dissolution
of arsenopyrite, although As peaks were not identified by
EDS. More detailed mineralogical characterization on the
slag and other wastes would better address this aspect, but
it was beyond the scope of this study.

Water Characteristics

Summary statistics of physical and chemical parameters
in each water group are reported in Table 1, where Group
1 samples are from upstream of the mine, Group 2 are in
the immediate vicinity of the mine, Group 3 are from the
Rio Sessini and Rio Ciurixeda, and Group 4 are from the
Flumendosa River after confluence with the mine-contam-
inated water. All of the water samples had a circumneutral
pH and oxidizing Eh values. The chemical composition
of spring water collected under different seasonal condi-
tions showed small variations (Supplemental Table 1). The
relative proportion of dissolved major ions (Ca**, Mg?*,
Na*, K*, HCO;~, SO,7%, CI") was nearly constant over
time in each group (Fig. 4), except Groups 2a and 2b that
vary markedly by dilution. The relative proportion of dis-
solved major ions in the water collected in the Flumendosa
River did not vary substantially before (MU92) and after
(SU11) the Rio Ciurixeda confluence, but median SO4_2
in Group 4 was higher than median SO,~* in Group 1
(Table 1). However, SO4_2 concentrations in Group 4 were
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Fig. 2 XRD patterns in the slag
pebbles (a) and bulk solid sam-
ples (b) collected at Su Suergiu
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below the Italian limit established for drinking water (i.e.
250 mg L~!; GURI 2006), under both high and low flow
conditions (Supplemental Table 1).

Median EC values in waters of Group 1 and Group 4
were below 0.6 mS cm™!, whereas they increased up to
3.8 mS cm™! in Group 2 samples because of the high con-
centrations of SO,~%, Ca>*, and Mg?", and also Na* in the
Group 2b slag drainage samples (Table 1 and Supplemental
table 1). The Group 2b samples were also distinguished by
median silica higher than the other groups.

The median Sb and As concentrations (1.7 and
1.6 ug L™!, respectively) in Group 1 samples were below
the limits established for drinking water, but relatively
high with respect to median values in uncontaminated
Sardinian surface water (0.3 ug L™' Sb and 1 pg L™! As;
Cidu and Frau 2009), and median values in Sardinian
groundwater, estimated at 0.5 ug L™' Sb (Biddau 2012)
and 0.6 pg L™' As (Biddau and Cidu 2013), suggest-
ing that concentrations of these elements in the Group 1
waters reflect high values of local background due to the
geological setting in the Gerrei mining district. The sam-
ples collected in the mined area (Group 2a) were charac-
terized by highly variable concentrations of Sb (median:
316 ug L™"), whereas median As (2.0 ug L™!) was simi-
lar to that observed in Group 1 waters (Supplemental
Table 1). In the mined area, high concentrations of Sb
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were accompanied with high As in the slag drainage
(Group 2b, Fig. 5). The highest Sb and As concentrations
were observed in waters flowing from the slag materials
(Group 2b) derived from the processing of Sb ore, there-
fore, the slag materials were the main source of Sb and
As in water at Su Suergiu (Table 1).

When detected, the maximum (147 ug L™!) concentra-
tion of Sb(III) corresponded to <2% of total dissolved Sb
in the <0.45 pm water fraction (Cidu et al. 2015). Spe-
ciation modeled by Visual MINTEQ showed that Sb(V)
and Sb(III), respectively, occur as Sb(OH),~ (100%) and
Sb(OH); (99.9%) aqueous species in the Su Suergiu waters.
Arsenic speciation was dominated by the HASO4_2 species
in the studied waters, but aqueous arsenate complexes, such
as NaHAsO,~ and CaAsQO,", increased at concentrations
above 1 mg L™' As. Detectable concentrations of As(III)
(5-9 pg L) were rarely observed in the SU1 slag drain-
age, and corresponded to <1% of total dissolved As in the
<0.45 pm water fraction. In water where DOC was detected
in the range of 1.2-1.9 mg L~! (Cidu et al. 2014), aqueous
complexes of either Sb or As with DOC were negligible.

In Groups 3 surface waters (i.e. SU20 and MUS) and
4 (i.e. Flumendosa River downstream of the contami-
nated Rio Ciurixeda), SO4_2, Sb, and As concentrations
decreased at increasing distance downstream from the mine
area (Fig. 6). Concentrations of As and Sb in the Group 4
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Fig. 3 a Backscattered electron image of slag pebble; b EDS spectrum of the grey area, square I; ¢ secondary electron image of the bright spot,

square 2 and d EDS spectrum of the bright spot

waters collected at high flow were higher than at low flow
(Fig. 7).

Discussion

The SO4_2, As, and Sb may be derived from the oxida-
tive dissolution of sulfide minerals, such as pyrite, stibnite

(reaction 1, Leverett et al. 2012), and arsenopyrite (reaction
2, Craw et al. 2003):

Sb,S; + 70, + 10H,0 < 2Sb(OH),~ + 35S0, 2+ 8H*
()

4FeAsS + 130, + 6H,0 < 4 Fe** + 4H,AsO,~
+ 4S0,7% + 4H* @

In Group 2a water, As and Sb remained lower than in
Group 2b, even at high SO,~? concentrations, suggesting

more complete breakdown of sulfide minerals to more
soluble phases.

Consistent with reaction (2) and EDS observations
(Fig. 3b, d), the slag materials submitted for leaching
tests released Fe in the leachate. However, Fe in the slag
drainages was very low, which is consistent with the oxi-
dizing condition and near neutral to slightly alkaline pH
observed at Su Suergiu that favor Fe precipitation.

The oxidation of sulfide minerals would normally
decrease the pH but for the dissolution of the Na-carbon-
ate that was used in the ore processing. Dissolution of
Na-carbonate also promotes the precipitation of calcite,
which easily reaches saturation and limits Ca®* concen-
trations. According to MINTEQ, gypsum supersatura-
tion would not be reached, but gypsum precipitation may
occur due to high evaporation, especially in the Group 2
waters (Fig. 8). Indeed, gypsum was recognized by XRD
in the bulk slag materials (see Fig. 2b).

@ Springer
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Fig. 4 Piper diagram showing
the relative proportion of major
ions in the studied waters in the
surveys carried out from 2005

A Group 1
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O Group 2b
® Group 3
O Group 4

to 2015
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Fig. 5 Plot showing As versus Sb in mine waters (Group 2a) and
slag drainages (Group 2b)

Other than the oxidative dissolution of stibnite, Sb might
be released by dissolution of other Sb-bearing solid phases,
such as valentinite [Sb,O;] and/or tripuhyite [FeSbO,],
probably contained in the slag materials (Fig. 3d). Another
alternative is that after the stibnite oxidizes, the Sb repre-
cipitates as a secondary mineral, while the SO,~? remains
in solution. If the latter is the main reason for the Sb/SO, ™2

molar ratios being much lower than that of stibnite, then the
greatest attenuation of Sb may occur at the source.

To identify possible attenuation processes, such as pre-
cipitation of Sb-bearing solid phases, the species calcula-
tion was performed by EQ3 on the slag drainage sample
(SU2, collected in 30 October 2012) that showed the high-
est contents of SO4‘2, Sb, and As in the Su Suergiu waters
(Supplemental Table 1). The results indicate undersatura-
tion with respect to the Sb- and As-bearing solid phases.

As mentioned earlier, the amount of Sb(III) in the Su
Suergiu waters was low, probably because the Sb(III) was
being rapidly oxidized and/or adsorbed. Because abiotic
aqueous Sb(III) oxidation is so slow as to be undetectable
(Gmelin 1908), this oxidation must be catalyzed by micro-
bial activity. Aqueous Sb(II) oxidation has been dem-
onstrated by a few microorganisms (Oremland 2016), but
more research is warranted. Dissolved Sb(III) might also
have been removed by sorption due to its high affinity with
the particulate phase (Leuz et al. 2006; Thanabalasingam
and Pickering 1990; Wu et al. 2011). In contrast, sorption
of Sb(V)-bearing species onto solid phases appears unlikely
given the pH and oxidizing conditions, which allows dis-
persion of Sb for a long distance downstream. Moreover,
the high HAsO,™* and bicarbonate concentrations would
compete for sorption sites, thus hampering sorption of

@ Springer



160

Mine Water Environ (2018) 37:151-165

Fig. 6 Box-plots of dissolved
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Sb(OH)s~ species onto sediment surfaces (Desbarats et al.
2011).

Mass balances were obtained downstream of the
mined area by comparing the loads of conservative com-
ponents (Na*, CI~, and SO4_2) and Sb and As (all deter-
mined in the <0.45 pm fraction) in the Flumendosa River
before (MU92) and after (SU11) the Rio Ciurixeda con-
fluence (Table 2). Results suggest conservative behavior,
although a larger error is expected for high flow than for
low flow measurements. The loads for major components

@ Springer

were nearly constant upstream (MU92+MUS) and down-
stream of the confluence (SU11), as were the Sb and As
loads, suggesting that the main abatement of dissolved Sb,
As, and SO, is by dilution. However, under some high
flow conditions (05 Dec. 2014), the Sb load downstream
of the confluence (SU11) was substantially greater than
upstream (Table 2). There are two possible explanations for
this. Sorption of Sb(OH),~ onto particulate phases can con-
tribute to Sb transport, but it takes a very high flow to add
enough suspended particles to make a difference. To verify
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Fig. 7 Concentrations of As and Sb in the Flumendosa River under high flow (a) and low flow (b) conditions
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this hypothesis, filtration tests were carried out on 05 Dec.
2014 water samples (Table 3; Fig. 9). The data indicate that
the dissolved Sb load in the Flumendosa River downstream
of the Rio Ciurixeda confluence might have increased
due to sorption onto Fe- and Al-bearing colloidal phases.
The other possibility is that under high-flow conditions,

riverbank and bed sediment particles were remobilized and
transported downstream.

It is worth noting that dispersed slag pebbles occur 4 km
downstream from the mine area until the confluence of Rio
Ciurixeda with the Flumendosa River. This may contribute
to the persistently high concentrations of Sb and As in the
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Table 2 Comparison Of loads Date Sample Flow,Ls™! Sb, mg s”l As, mg sl Qr, g g1 SO4_2, g s”! Na, g g1
of Sb, As and conservative
g?meg“fin tIZZFll\l/}%lglegiosa 23/05/2012  AMU92 1000 3.9 2.9 53 72 33
ali(vle;ﬁ;‘(’g SU11) the Rio BMUS 20 30.8 12 15 3.86 0.98
Ciurixeda (B: MUS8) confluence CSuUll 1100 31.9 39 58.3 82.5 352
under different seasons (A+B)/C 0.93 1.09 1.07 0.93 0.92 0.97
28/02/2013 A MU92 2700 5.13 4.1 130 108 75.6
B MUS 35 56 2.8 2.1 4.7 1.3
CSuUl11 2900 55.1 5.8 139 124.7 75.4
(A+B)/C 0.94 1.11 1.18 0.95 0.90 1.02
09/01/2014 A MU92 3000 6.3 4.8 153 159 84
B MU8 100 160 73 6.5 15.2 3.7
CSuUl11 3200 163 10.9 163.2 185.6 89.6
(A+B)/C 097 1.02 1.11 0.98 0.94 0.98
05/12/2014 A MU92 4500 15.3 10.4 255 252 126
B MU8 60 110 32 4.6 15.1 2.8
CSull 4600 221 14.7 245 282 129
(A+B)/)C 0.99 0.57 0.92 1.06 0.95 1.00
Table 3 Filtration tests carried out on waters sampled on Conclusions

05/12/2014; NF=not filtered, F=filtered through 0.45 pm pore-size
filter, and FF =filtered through 0.01 pm pore-size filter

Sample Fe,pgL™! AlLpgL™' As,pgL™! Sb,pgL™!
MU92NF 137 61 3.1 3.14
MU92 F 24 7 23 3.37
MU92 FF 21 9 23 2.46
MU8 NF 23 10 55 1845
MUS8 F 2 4 53 1830
MUS8 FF 2 5 57 1840
SU11 NF 94 35 4.3 64.5
SUILF 24 8 32 48.0
SU11 FF 26 11 2.8 48.1

Rio Ciurixeda (MUB8) under low- and high-flow conditions.
The high Sb and As content at low-flow despite little input
from the mined area, is likely due to evaporative concentra-
tion. At high-flow, the effect of dilution may be partly com-
pensated for by the interaction of water and slag materials
dispersed downstream of the mined area.

Figure 10 shows Sb and As concentrations in the Flu-
mendosa River upstream and downstream of the Rio
Ciurixeda confluence from surveys conducted in 2005
to 2015. The As concentration only exceeded the EU and
WHO established limit (10 pg L™ As) in 2010, whereas
the Sb in the Flumendosa River downstream of the contam-
inated stream always exceeded the EU limit (5 pg L' Sb),
and frequently exceeded the WHO limit (20 ug L' Sb),
indicating that recent actions aimed at retaining runoff from
the slag heaps is not sufficient to mitigate the impact of the
contaminated water on the Flumendosa River.

@ Springer

Mining and mineral processing of Sb at the abandoned Su
Suergiu mine in southern Sardinia has contributed substan-
tial quantities of SO4_2, Sb, and As to downstream surface
waters. Sulfate was shown to be conservative; downstream
from the mined area, dilution decreased SO4_2 concentra-
tions in the Flumendosa River to below regulatory limits.
The main source of the Sb and As was drainage water from
slag on the mine site, with minor amounts contributed by
adit drainage. This study also demonstrated the important
influence that a strong base such as Na-carbonate from
the foundry wastes can have on mobilizing Sb and As and
keeping them in solution.

There is no clear evidence of natural attenuation due
to precipitation of Sb- and As-bearing phases, but it is
not possible to exclude this entirely, especially near the
source of contamination. Sorption of Sb and As on par-
ticulate/colloidal phases may occur in surface waters
under very high flow conditions. Downstream of the
mined area, the natural abatement of Sb and As con-
centrations is mainly by dilution, rather than by sorp-
tion onto bed sediment. Despite natural dilution, the Rio
Ciurixeda discharges strongly contaminated water (up
to 14 kg Sb per day and 0.6 kg As per day, under high
flow conditions) into the Flumendosa River. This major
water source is used for agricultural and domestic pur-
poses. Therefore, further remedial action is needed to
reduce Sb and As input into surface waters and nearby
groundwater, as the retaining wall currently in place is
insufficient. Remediation priorities should address the
environmental impact of the main source of contamina-
tion, i.e. the Sb-As-rich heaps. Construction of drainage
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Fig. 9 Comparison of Fe, Al, As, and Sb concentrations determined in different aliquots. NF not filtered, F water filtered through 0.45 pm pore-

size filter, and FF = water filtered through 0.01 pm pore-size filter
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Fig. 10 Comparison of As (a) and Sb (b) concentrations in the
Flumendosa River upstream (up) and downstream (down) the Rio
Ciurixeda confluence. Lines indicate the WHO and EU limits for As
and Sb in drinking water

ways to divert rainfall and runoff from the heaps should
help reduce the interaction of water with the contami-
nated materials.
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