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Abstract The present study is focused in the stablishment of the arsenic species present in waters close to
three abandoned mercury mines located in the mercury metallogenetic province of Asturias, Northern Spain
(La Soterraña, La Peña-El Terronal and Los Rueldos, within the Caudal River catchment) and the understanding
of the factors that control arsenic speciation in their waters. Several parameters, such as pH, Eh, dissolved
oxygen, dissolved organic carbon, sulphate, Fe, Mn, Al, Ca and dissolved heavy metals concentrations were
determined and their inﬂuence was estimated for each mine site. Results showed that arsenate is the dominant species in all collected samples.
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Introduction
Arsenic is an element widely distributed in the environment not only due to natural sources but
also by anthropogenic contributions. Arsenic can
occur in the environment in several oxidation
states (−3, 0, +3 and +5). Inorganic arsenate As(V)
and arsenite As(III) are the most toxic forms while
methylated compounds are moderately toxic. In
natural waters it is mostly found in inorganic
form as oxyanions of trivalent arsenite (As(III)) or
pentavalent arsenate (As(V)). Organic arsenic
forms may be produced by biological activity,
mostly in surface waters, but are scarcely important. Arsenic is perhaps unique among the heavy
metalloids and oxyanion-forming elements (e.g.
arsenic, selenium, antimony, molybdenum, vana-

dium, chromium, uranium, rhenium) in its sensitivity to mobilization at the pH values typically
found in surface and groundwaters (pH 6.5–8.5)
and under both oxidizing and reducing conditions (Baeyens et al. 2007). Compared to other
oxyanion-forming elements, arsenic is one of the
most troublesome in the environment because of
its relative mobility over a wide range of redox
conditions. Arsenic can be found at higher concentrations than all other oxyanion-forming metals such as Se, Cr, Mo, V (Smedley and Kinniburgh
2002). Redox potential (Eh) and pH are the most
important factors controlling arsenic speciation
(Figure 1). Under oxidizing conditions, H₂AsO₄ − is
dominant at low pH (less than about pH 6.9),
whilst at higher pH, HAsO₄²− becomes dominant

Figure 1 Eh-pH diagram for

arsenic species.
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(H₃AsO₄ and AsO₄ ³− may be present in extremely
acidic and alkaline conditions respectively). Under
reducing conditions at pH less than about pH 9.2,
the uncharged arsenite species H₃AsO₃ will predominate (Yan et al. 2000). As(V) is generally the
dominant species in lake and river waters (e.g.
Seyler and Martin 1990; Pettine et al. 1992), although the relative proportions of As(V) and
As(III) may vary according to changes in input
sources, redox conditions and biological activity.
Abandoned mines have left behind toxic pits
and acid mine drainage. Naturally occurring minerals were disturbed, crushed during ore treatment and left in sometimes massive tailing piles.
As a consequence, potentially toxic materials containing arsenic and heavy metals can be found in
dangerous high levels throughout historic mining
regions. Natural weathering can lead the mobilization of arsenic to the environment and its solubilisation into the surrounding waters. Arsenic
usually occurs as arsenic-bearing sulphides, predominantly pyrite. During periods of excess oxygenation pyrite is dissolved allowing arsenic to
enter the aquifers (Gault et al. 2001; Williams
2001). Oxidation of pyritic ores is a major cause of
acidic mine drainage (AMD) (Wildeman et al. 1974;
Black and Craw 2001; Gault et al. 2001). The production of Fe(III) and hydrogen ions can catalytically dissolve secondary minerals, thereby
increasing the metal load to the drainage (Wildeman et al. 1974). In addition, the generally low pH
(≈ 1–4) of AMD systems, also contributes to the solubilisation of heavy metals (Welch et al. 2000). Ca
and Mg arsenates may be present in alkaline CaMg-rich soils and sediments (Matschullat 2000).
In Asturias (Northern Spain) mercury mining
has been an important activity during decades. Because of the great decline on Hg prices on the
1970s, most mines were closed between 1973 and
1974, but often none preventive measure was carried out after the closures. Therefore, mine facilities and metallurgical installations remain
currently abandoned, as well as their corresponding spoil heaps. It poses an evident risk, since natural weathering or variations in physicochemical
parameters at the disposal site can alter the stability of waste materials, including the Hg and Asrich ores, and lead to the release of mercury,
arsenic and associated heavy metals into underlying aquifers and surface waters. Studies about the
environmental impact of Asturian abandoned Hg
mines are abundant (Loredo et al. 2010; Fernández-Martínez et al. 2005; Loredo 2000) and prove
the existence of pollution in soils, surface waters,
sediments and even in plants of the surroundings.
However, no studies exist about the arsenic
species occurring in surrounding waters of these
mining areas.
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Methods
Sampling
The locations of sampling points are shown in ﬁgure 2. Surface water was collected at 4 points in La
Soterraña mine site, 2 points in La Peña-El Terronal and 6 points in Los Rueldos. Four sampling
campaigns were performed between September
2009 and June 2010. All samples were ﬁrstly ﬁltered by 0.45 µm in situ, stored in polypropylene
bottles of 125 ml and one or two drops of concentrated HCl were added in order to preserve arsenic
speciation. Finally, all samples were stored at 4 ºC
in dark, and analyzed within 1 week of sampling.

Analytical determinations
Some physicochemical parameters such as pH,
speciﬁc conductance, dissolved oxygen, salinity,
temperature, redox potential and turbidity were
measured in the ﬁeld by means of a portable multiparameter probe (Turo-graph 611). Total arsenic
contents, as well as concentrations of major and
minor elements (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Mg,
Mn, Ni, Pb and Zn) were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) using a VARIAN 735-ES instrument
with radial conﬁguration. Na and K were determined by ﬂame atomic emission spectrophotometry (FAES) using a Perkin Elmer 2280. Cl⁻, NO₂⁻,
NO₃⁻ and SO₄⁻ were analysed by means of ion
chromatography with a Dionex Serie DX-500
equipped with a suppressor device (Dionex CSRSULTRA 4 mm).
Arsenic speciation studies were carried out by
coupling high performance liquid chromatography–hydride generation–atomic ﬂuorescence
spectrometry (HPLC-HG-AFS). The HPLC system
consisted of a Varian Prostar ternary solvent delivery module model 230 and a Hamilton PRP-X100
anion-exchange column. The chromatographic
separation of As(III), DMA, MMA and As(V) was
achieved following the method described by
Gómez-Ariza et al. (1998). Detection and quantiﬁcation of arsenic species were performed by Hydride Generation - Atomic Fluorescence by means
of a PSA Excalibur instrument (Orpington, UK).

Results
Arsenic speciation is shown in table 1. Only inorganic species of arsenic were detected. The absence of organic arsenic species reﬂects the origin
of contamination by weathering of mine wastes
containing arsenic minerals. Moreover, speciation
results indicate that arsenic occurs exclusively as
As(V) in most samples, which is in agreement with
the theoretical Eh-pH diagram of species (Fig. 1). It
has been described that the presence of high As(V)
concentrations can be explained by the promotion of desorption of arsenates bound to iron oxyhydroxides at neutral-alkaline conditions (Pierce
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Figure 2 La Soterraña, La Peña-El Terronal and Los Rueldos mercury mine sites, indicating main streams

and sampling points, within the Caudal River catchment.

and Moore 1982) as well as dissolution of thermodynamically unstable Fe and Ca-arsenates minerals (Dove and Rimstidt 1985; Paktunc et al. 2004).
Extremely high As(V) concentrations were detected in samples collected downstream in La
Soterraña mine with an average concentration of
37917 µg.L⁻¹. Taken into account the low Fe concentrations found in water sampled in La Soterraña
and its relatively high Ca and Mg concentrations,
it seems that dissolution of Ca and Mg arsenates
must be the most important process controlling
As(V) releasing into waters in this area. In the case
of samples P8 and P9 from Los Rueldos, the high
Fe concentrations shown in ﬁgure 3a suggest that
the elevated As(V) concentrations (average value
of 7238 µg.L⁻¹) are related to the AMD. In this area,
dissolution of adsorbed arsenates onto iron oxyhydroxides may take place together with dissolu-

tion of Ca and Mg arsenates. In addition, the dilution effect is remarkable, since As(V) concentration markedly decrease with the distance to the
spoil heap (points P10 and P11). In contrast to samples from La Soterraña and Los Rueldos, low concentrations of As(III) could be detected in samples
from La Peña-El Terronal where the proportion of
As(III) was around 3%. Samples P5 and P6 show
high total organic carbon contents (56.7 and 48.6
mg.L⁻¹ respectively; Fig. 3b). The potential of dissolved organic matter (DOM) to reduce chemically
arsenates to arsenite has been studied by other authors. The redox properties of natural DOM are
not accurately known but the experiences with
model compounds suggest that DOM can cover a
wide spectrum of redox potentials. In addition,
thermodynamic calculations suggest that reduction of arsenate with DOM is an energetically
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Table 1 Arsenic speciation in waters from Asturian mines.

As(V) (µg L-1)
56a
24000
37250
37500
182
2475
13
9.8
7125
7350
176
65

Sampling point
P1
La
P2
Soterraña
P3
P4A
La Peña-El
P5
Terronal
P6
P7A
P7
Los
P8
Rueldos
P9
P10
P11
a

As(III) (µg L-1)
n.d.
n.d.
n.d.
n.d.
5
77
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

pH
7.5
8.0
7.8
8.0
7.8
8.2
7.6
8.2
2.2
2.2
8.2
8.0

Eh (mV)
307
262
259
213
215
204
190
169
654
669
382
277

n=3; n.d.: non detectable






































































 

Figure 3 a: Sum of Al, Fe and Mn concentrations in water samples; b: Total Organic Carbon in water

samples.
favoured process (Redman et al. 2002). The rate of
arsenite appearance was comparable to that obtained by Bauer and Blodau in aqueous phase of
soil samples (2006).

on the Caudal River catchment and this information is of great interest in order to achieve the objectives of water quality demanded by the E.U.
Water Framework Directive.

Conclusions
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