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Abstract The extensive extraction activity of mercury ores in
Asturias (northwest Spain), also rich in As and Sb, has im-
pacted the Nalon river estuary. The objective of this research
was to assess the historical evolution of As-Hg-Sb accumula-
tion in the salt marsh sediments of this area. For this purpose,
sediment cores were collected from two different salt marshes
(eastern and western river banks) in the estuarine environment
to evaluate the degree of anthropogenic enrichment and the
geochronology of As-Hg-Sb accumulation. Core subsampling
was performed by cutting 2-cm-thick slices of sediments. The
subsamples were then analysed for several physical and chem-
ical parameters. Sedimentation rate was assessed by measur-
ing short-lived radionuclides (excess 21%pp and '*7Cs). Pre-
mining levels of As-Hg-Sb were observed at core depths be-
low 50 cm. In the less extended salt marsh (eastern river
bank), maximum As-Hg-Sb concentrations of 87.48, 3.66,
and 5.75 ug-g ', respectively, were found at the core top as
a consequence of long-term mining activity in the area. The
vertical distribution of As-Hg-Sb was influenced by the
single-point contamination sources, whereas grain-size
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variability and diagenetic remobilisation did not seem affect-
ed. Geochronological measurements showed that the deposi-
tional fluxes of As-Hg-Sb were influenced by anthropogenic
input after 1900, when mining activity in the area was most
intense. Hg mining ceased in 1969; however, the correspond-
ing core profiles did not show a drastic decreasing trend in
element fluxes, implying that the river drainage basin retains
some “memory” of contamination which affects riverine sed-
iments. A preliminary gross estimation of total As-Hg-Sb
“trapped” in the Nalon river salt marsh sediments amounted
to approximately 18.7, 1.0, and 0.7 t, respectively. These mor-
phological structures suffer erosive processes, thus
representing a potential source of these elements associated
with sediments; consequently, management conservation and
monitoring of salt marshes should be taken into consideration
from this environmental point of view.

Keywords Geochronology - Salt marshes - Sediments -
Mining - Mercury - Arsenic

Introduction

Estuaries are coastal environments with high ecological value
where river and marine elements coexist. The dynamics be-
tween the fresh and marine environments produce large depo-
sition areas of materials resulting from the contributions of the
river basin and of the coastal zone during flood tides (Verney
etal. 2011; Cuvilliez et al. 2015). Salt marshes are deposition-
al morphological features within the estuarine zone where
sediments accumulate (Duarte et al. 2017). They often show
a ‘memory effect’, meaning that they are able to chronologi-
cally record significant events in the area (Roner et al. 2016).
This sedimentary record may register hydrological phenome-
na as well as contamination events occurring in the river
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drainage basin (Idaszkin et al. 2017). A large number of con-
taminants derived from human activities have been continu-
ously introduced into river courses and transported for long
distances downstream, reaching the coastal zone. Transported
inorganic contaminants are mainly in the solid phase rather
than in dissolved form and they are deposited or captured by
salt marshes which act as a sink. The investigation of the
concentration profiles in the sedimentary sequence of salt
marshes allows for the reconstruction of the historical human
impact on the river basin and the estuarine environment
(Birch, 2017).

Among human activities, mining is recognised as a notable
source of contaminants to freshwater areas. In mining areas,
tailings and wastes still contain elevated levels of contami-
nants due to inefficient mining and smelting operations, thus
behaving as important secondary sources of contaminants in
the surrounding environment. Mobilisation of contaminants
from these tailings and waste disposal sites due to complex
biological, geochemical, and physical processes, including
erosion, hydrolysis, and oxidation of sulphur minerals
(Audry et al. 2005), as well as the weathering of secondary
phases (Hammarstrom et al. 2005) represents important envi-
ronmental threats. Once contaminants have been introduced
into hydrological systems, they can be dispersed over hun-
dreds of kilometres in solid or dissolved forms (Chen et al.
2007; Covelli et al. 2012; Garcia-Ordiales et al. 2014), extend-
ing their impact to areas far away from the original source.
After the cessation of mining activities, waste material can
continue to be a source of long-term contamination, as
weathering and/or hydrological phenomena can remove con-
taminants from the mining site and transport them
downstream.

The Asturias region (northern Spain) has historically been
one of the most important mining regions of the country. In its
central part, approximately 60% of the territory is drained by
the Nalon river basin, which forms the largest hydrogeological
system in the north of Spain. The largest coal deposits in Spain
lie within the river drainage basin, in the so-called Asturian
Central Coal Basin, and have been exploited for more than
200 years. Such mining activity continues in this area. In the
same drainage basin, together with the coal mining, other
metallic and non-metallic deposits are or have been exploited,
among which, cinnabar deposits stand out. The Nalén river
basin hosts the important Hg deposits of La Pefia-Terronal and
Soterrafia as well as many other minor deposits, making this
area the second largest producer of Hg in Spain and the fourth
largest in Europe, after the mining areas of Almadén (Spain),
Idrija (Slovenia), and Monte Amiata (Italy). Weathering of
these Hg deposits, where elements such as As and Sb appear
in their mineral paragenesis, as well as different lithological
materials and other polymetallic deposits, has led to a high
regional background level of these potentially toxic elements
(IGME 2012). Together with the naturally enriched presence
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of these elements, several studies on soils, water, and sedi-
ments in the areas near the mines, reviewed by Ordoiez
et al. (2013), have shown the existence of important flows of
As-Hg-Sb from the mining areas to the river courses and the
estuarine environment. In order to investigate the legacy left
by mining activity in the drainage basin and the contribution
of natural weathering to the geochemical levels of As-Hg-Sb
in the estuary, sediment cores were collected from two natural
salt marshes in the estuary, and their concentration profiles
were studied. In addition, the geochronology of the sedimen-
tary sequence has allowed the establishment, on the one hand,
of the pre-mining activity value of each element and, on the
other hand, the estimation of the current amount of Hg, As and
Sb stored in these morphological features.

Materials and methods
Study area

The Nalon river estuary is located along the northern coastline
of Spain, in the Asturias region (Fig. 1). The largest
hydrosystem of the region, which covers an area of
4777 km?, drains into this estuarine area. At the basin level,
the different rivers flow on Paleozoic materials, covering in
their water course materials from the Cambrian to the Upper
Carboniferous periods. The western sector of the drainage
basin is characterised by the presence of low-grade metamor-
phic siliciclastic rocks interbedded with calcareous series of
grey limestones and dolomites; in the eastern part, the calcar-
eous and siliciclastic series predominate (Julivert et al. 1972).
Several urban settlements along with various agricultural and
mining-industrial activities are located in the area. Among the
mining-industrial activities, which have been active in the
upper-middle sector of the drainage basin since the end of
the eighteenth century, the most important is related to the
remarkable deposits of coal, mercury, gold, and iron as well
as other polymetallic ores, such as copper, lead, and zinc. The
most notable Hg deposits are La Pefia-Terronal in Mieres and
La Soterrafia in Pola de Lena. The first one is the most impor-
tant; it is located in the northwest margin of the Central
Carboniferous Basin of Asturias and belongs to the geological
area of the unit named La Justa-Aramil. Mineralisation in the
carboniferous levels, constituted by conglomerates with sili-
ceous clasts, relates the ore to the La Pefia fault (Luque 1985).
In the La Soterrafia Hg mining area, the mineralisation is as-
sociated with three fine-grained limestone levels that are rich
in organic matter, embedded in the carbonate levels of the
Lena Group. The main ore mineral of these deposits is cinna-
bar in association with native Hg, stibnite [Sb,S;], and impor-
tant amounts of As-bearing minerals such as realgar and
pararealgar [As4S,], orpiment [As,S;], and arsenic-rich pyrite
(Ordonez et al. 2013).
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Fig. 1 The Nalon river estuary with the essential features and the salt marsh areas from where the sediment cores were collected
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The estuarine area of the Nalon River is characterised by a
main channel which is 6-km long and above 2-m deep, which
has been modified in the mouth by two jetties since 1946,
changing the morphology and the sedimentation of the outer
part of the estuary (Flor-Blanco et al. 2015). The lowest sec-
tion of the estuary runs perpendicular to the coastline, with
some meanders in the upper section. The tidal regime of the
estuary is meso-tidal, with annual tidal ranges between 1.0 to
4.2 m, being in general the tides over 2 m during more than
70% of the year (Flor et al. 1998). Based on morphodynamics
and according to the land elevation and tidal influence, two
different units can be distinguished, as observed in similar
environments along the British (Allen and Rae 1988; Allen
1989), French (Larsonneur 1975), and Cantabrian coastlines
(Mantecon and Uceda 1992; Cearreta et al. 1992). The upper-
most section of the estuary, with the highest land elevations,
features a strong fluvial domain that inhibits the growth of
halophilic species. The surrounding soils are flooded by fresh-
waters only during high river stages. The lowest sector of the
estuary is tide-dominated and the high tides regularly flood the
salt marsh areas, allowing the development of halophyte veg-
etation. The two natural marshes investigated in this study
(Fig. 1), which cover a total area of 27 ha, are located in this
sector. Both salt marshes are characterised by a muddy sub-
stratum as a consequence of its development in sedimentary
deposition zones, and they are colonised by halophilic or
subhalophilic species such as Scirpus maritimus var.
compactus, Phragmites australis, and Juncus maritimus.

Coring and sample handling

Four sediment cores (diameter, 8 cm; length, 60 cm) were
recovered from the central zone of the marshes in 2017
(Fig. 1). At each sampling point, two twin cores were taken
by means of an AMS sludge and sediment sampling kit
equipped with a polyvinyl chloride (PVC) tube for uncharged
sample recovery. Between the two consecutive samplings,
adhered residues were removed from the equipment with a
10% HNOj solution and rinsed several times with Milli-Q
water to avoid cross-contamination. The sediment cores were
transported to the laboratory, where they were manually sub-
sampled as 2-cm discs (for a total number of 30 samples per
core). Subsamples were weighed and air-dried to a constant
weight to calculate bulk density and porosity; they were man-
ually ground and root residues removed at the same time. One
of'the two cores from each salt marsh was used exclusively for
chronological dating analyses, while the twin core was used
for physical and geochemical analyses. Samples used for
chronological dating were individually stored in plastic bags,
while those used for physical and geochemical analyses were
preliminarily sieved to 2 mm to discard the gravel fraction.
Subsamples for geochemical analyses were homogenised and
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split into aliquots. The bulk density was determined on un-
treated aliquots.

Radiometric analyses of '*’Cs and *'°Pb

Radiometric analyses of 137Cs and 2'°Pb, which are well-
established techniques to obtain sediment accumulation rates
over the past 50 to 150 years in sediments of coastal environ-
ments (Mahu et al. 2016; Andersen 2017), were performed at
the Instytut Nauk Geologicznych (Poland). The activities of
137Cs and *'°Pb in the sedimentary sequences were measured
by y spectrometry using a BES030 instrument (CANBERRA)
and GENIE 2000 software to date the vertical sediment pro-
files. The 2'%Pbeycess activity was determined by subtracting
210Pbsupp (as average of 214pp and 2'*Bi activities) from total
219p}, for each depth interval. Detector efficiencies were cali-
brated using several sources and confirmed using IAEA stan-
dard material (IAEA-384) with results falling within 10 of the
certified value and the variation coefficient between 3.5 and
4.2%. The uncertainty of the chronology and the sedimentary
accumulation rate (Fig. 2) was calculated in the lab using the
Monte Carlo simulation method (Sanchez-Cabeza et al. 2014).

The first high levels of '*”Cs appeared in the atmosphere in
the early 1950s (1954), but the period of greatest deposition
and therefore of greatest activity occurred in the early 1960s
(1963) as consequence of atmospheric nuclear tests (Ritchie
and McHenry 1990). Based on this evidence, the date 1963 is
assigned to the sedimentary specimen with the highest activity
of *’Cs, which is commonly accepted as the main chronolog-
ical marker for this radioisotope. Note that the '*’Cs peak
related to Chernobyl accident (1986) was not considered as
a potential marker for the highest activity of '*’Cs as low
deposition occurred in the north of Spain after the disaster
(De Cort 1998; Cearreta and Leorri 2009). For the >'°Pb dat-
ing, the constant flow model (Appleby and Oldfield 1983)
was used to relate sediment age and depth by assuming con-
stant depositional flux of 2'°Pb to the salt marsh surface. Peak
137Cs at 1963 provided independent corroboration of the
219pp accumulation history.

Physical and geochemical analyses of sediments

Sediment grain size was determined by using Fritsch
ANALYSETTE MicroTec Plus 22 laser particle sizers.
Previously, the selected aliquots were oxidised via a solu-
tion of 3% (v/v) H,O, to remove most of the organic mat-
ter. Each sample was analysed in triplicate; the instrument
was checked against the Fristch F500 and F70 as reference
materials. Estimation of the organic matter and carbonate
content was performed by the loss on ignition (LOI) meth-
od burning the samples at 550 °C for 4 h, according to the
recommendations of Heiri et al. (2001) for samples with
high organic matter contents. For the general semi-
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ray diffractometer according to internal protocols of the
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to a size below 63 um. For the measurement of some major
(Al, Fe, Mn, and Si) and trace elements (As and Sb), sam-
ples were pressed into pellets using added lithium borate as
a binder. The resulting pellets were analysed via portable
X-ray fluorescence spectrometry (XRF) using a Thermo
Niton XL3t Goldd + spectrophotometer. Samples were
analysed in batches, and quality control was evaluated
through duplicate analyses of certified reference materials
NIST 2710 and STSD-1. Limits of detection (LOD) and
quantification (LOQ) of the XRF are present in Table 1.
Mercury was analysed by direct pyrolysis using a LECO
AMA 254 advanced mercury analyser; for each sample,
three replicates were made and quality control was per-
formed using reference materials PACS-2 and Sandy
Loam 2 (recovery 96 and 98%, respectively).
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Results and discussion
Lithology, mineralogy, and major elements of sediments

The mineralogical composition of the sediments from the
Nalon river estuary salt marshes is mainly quartz, which is
predominant in the coarse fractions, and kaolinite-smectite,
illite, albite, and vermiculite in the finer fractions. Sediments
are generally dominated by fine grain-size particles typical of
low-energy environments; the sandy fraction was the least
abundant (approx. 8.0%).

The analytical results from the two cores are visualised in
Fig. 3. The significant presence of silt (83.1%) and clay (8.9%),
according to the discriminant function proposed by Sahu
(1964) for the characterisation of depositional settling of the

Table 1  Limits of detection (LOD) and limits of quantification (LOQ)
of selected major elements and trace elements determined with XRF in a
quartz sample (mg/kg) with and internal calibration curve (density of
points 12). The selected time for each analysis was 45 min according to
laboratory tests to improve the LOD and LOQ of the equipment

A1203 FeZO3 MnO SIOZ As Sb
LOD 0.41 0.02 0.003 4.61 0.55 0.37
LOQ 2.83 0.09 0.010 21.39 3.01 1.59
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sediments, supports the fluvial provenance of the sediments,
which were deposited in a low-energy environment on the salt
marshes (Garcia-Ordiales et al. 2015). However, there are some
differences in the salt marsh granulometry sequence along the
riversides. The sediment core related to the western salt marsh
(MSE-2) shows a greater percentage of sands than does the
eastern salt marsh core (MSE-1), corresponding to the inner
and the outer part of a meander zone of the river, respectively.

The chemical concentrations in the sediments reported as
oxides are clearly dominated by SiO, (66.3%) and Al,O;
(8%), in addition to the significant presence of light amounts
of Fe,05 (3.7%), as expected based on the mineralogical anal-
ysis. Organic matter dominated the volatile contents since the
carbonate fraction was practically negligible. Detected con-
centrations of MnO were consistently less than 1%. Trends
of Si0, and LOI profiles in both cores are opposite: the LOI
concentrations increase upwards to the surface whereas SiO,
concentrations decrease as a consequence of the decrease in
the mineral matter present in the samples. Profile distributions
of the main oxides are very homogeneous in both cores (the
mean values are similar to the median values). The ratio of
SiO, to Al,O3, as a characterisation of the textural maturity of
sediments, ranges between 4 to 10, indicating a similar textur-
al maturation. This result along with the predominance of
medium grain size indicates short-term sedimentary cycling
as a consequence of the extension of the drainage basin which
has not allowed the sediments to spend long time in the sed-
imentary mill.

As the elemental concentrations in the core profiles might
have been altered by diagenetic remobilisation due to redox
changes, we further investigated the concentrations of Al, Fe,
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and Mn. These elements were selected based on other studies
performed in coastal salt marsh areas such as those by
Conaway et al. (2004) and Pasternack and Brown (2006). In
these studies, the correlations among these three metals were
explored as evidence of post-depositional mobility of redox-
sensitive elements. If the redox active metals, Fe,O3 and
MnO, co-vary independently from aluminium, then diagenetic
changes due to redox conditions may have occurred, poten-
tially affecting the As-Hg-Sb concentrations.

The sediments show a significant linear relationship
? = 0.938; p < 0.001) between Al,O3 and Fe,0s, between
AlLO; and MnO (* = 0.704; p < 0.001), and between Fe,O5
and MnO (r2 =0.741, p < 0.001), indicating that all are very
closely related. Although the range of Al,O; and Fe,O3 con-
centrations in the cores is wide (4.7-11.0% and 2.7-4.4%,
respectively), the linear relationship between both the ele-
ments and the fine-grain fraction (+* > 0.780; p < 0.001) indi-
cates that this is due to changes in the abundance of alumino-
silicate minerals in the core sediments. The lower correlation
of MnO with the fine fraction (7% = 0.551; p<0.001) indicates
that its variability is not directly related to the aluminosilicate
minerals. Consequently, the different behaviour of MnO in
sediments in comparison to that of Al,O3 and Fe,O3 can lead
to misinterpretation of potential diagenetic remobilisation.
Therefore, concentration profiles of MnO were discarded for
investigation of this aspect. As reported in Fig. 2, both vertical
profiles of Al,O3 and Fe,Oj3 in the cores are similar, without
apparent significant variations in their trends. This null varia-
tion suggests that Fe,O5 has undergone relatively little diage-
netic remobilisation; consequently, the same applies to the
redox-sensitive elements As-Hg-Sb as explained later.



Environ Sci Pollut Res (2019) 26:3115-3128

3121

Radionuclide profiles

The activities of '*’Cs and the excess of 2'°Pb (Fig. 4) along
the profiles are very similar in both salt marsh cores. In core
MSE-1, the maximum peak of 137Cs, which is assumed to be a
consequence of atmospheric nuclear tests in the early 1960s
(1963), is observed at a depth of 15 cm. Although '*’Cs is
more mobile in the marine environment than 21OPb, it is com-
monly used as an independent method to confirm 2'°Pb-based
estimates of sediment accumulation rates. In the salt marsh,
surface-mixed layers and significant down-core fluctuations,
according to porosity and grain size, were not noticeable.
Thus, the sediment accumulation rate for MSE-1 (Table 2)
based on 2'°Pb and '*’Cs was calculated using the upper re-
gion between 0 and 15 cm (**’Cs peak), resulting in similar
values 0f 0.29 and 0.28 cm year ', respectively. For the MSE-
2 core, the region selected was between 0 and 19 cm (137Cs
peak), which also results in closely similar mean values of
0.37 cm year ! for *'°Pb and 0.35 cm year ' for '*’Cs.
Based on the similarity between the sediment accumulation
rates calculated by means of >'°Pb and '*’Cs for each core, the
constant flow model (Appleby and Oldfield 1983) applied for
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210pp was correct, and the dating of 210py is coincident with
the dating obtained via 137Cs. In addition, the presence of two
clear steps is remarkable (two in the MSE-1 core and one in
the MSE-2) in the excess 2'°Pb profiles. These evidences were
considered a consequence of substantial changes of the sedi-
mentation environment in these sections rather than a potential
existence of incomplete sedimentary records. The proof is the
agreement between the '*’Cs and *'°Pb dating immediately
before and after these steps, which would have not occurred in
the case of an incomplete sedimentary record.

The two salt marsh cores show differences in their accu-
mulation rates based on *'°Pb and '*’Cs. Both sampling
points are located in depositional areas on opposing river-
banks of the estuarine channel. The difference between the
accumulation rates may be due to the different river hydrody-
namics on opposite sides of the meander: the western salt
marsh built up over an active point bar, and the eastern marsh
developed along a small embayment infilled along a rectified
tract of the river immediately downstream of a small residual
relief, which formed a pond-like sediment trap. As a result of
the different morphodynamic contexts, the highest sedimenta-
tion rate is observed in the western salt marsh core (MSE-2).

Core MSE-2
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Fig. 4 Activity depth profiles of '*’Cs and excess 2'°Pb in the sediment cores collected at MSE-1 and MSE-2 sites in the salt marsh areas of the Nalén

river estuary
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Table 2 Mean rates of sedimentation (S, cm yearﬁl) and mass accumulation (A, g cm 2 yeafl), calculated on the basis of 2'°Pb and '*’Cs for each

core. CF refers to results based on the constant flow model

Sa10 Asp 210py, Si37 137Cs method

(cm year ) (g em % year ') method (cm year ")
MSE-1 0.29 0.17 0.28 Atmospheric nuclear test peak
MSE-2 0.37 0.22 0.35 Atmospheric nuclear test peak

In addition, if grain-size profiles are compared, the MSE-2
sediment core shows a greater percentage of sands than the
eastern salt marsh core, thus confirming that the western salt
marsh core was taken from a more active depositional zone
where the loss of sedimentary load is more effective; contrasts
may also be due to salt wedge penetration during flood tides.

Chronology of the vertical profiles of As-Hg-Sb

Down-core distributions of Hg, As, and Sb (Fig. 3) are similar
for each salt marsh, suggesting a highly significant relation-
ship among these elements. In fact, As is well correlated with
Hg (% = 0.858; p < 0.001) and Sb (+* = 0.816; p < 0.001), as
are Hg and Sb (+* = 0.760; p < 0.001), supporting the hypoth-
esis that the source for the three elements is the same and is
related to the Hg mines (Ordofiez et al. 2013). The profiles of
the three trace elements in the two cores show a distinctive
trend which clearly reflects a recent contamination process of
the estuarine zone that is well recorded in the salt marsh sed-
iments. The concentrations of the three elements increase from
the surface to a depth of about 15 ¢cm, where a concentration
peak of 87.5, 3.7, and 5.7 ug g is reached for As, Hg, and
Sb, respectively, in core MSE-1; the peak concentrations in
core MSE-2 are 85.0, 3.2, and 4.9 ug g ', respectively. Below
this depth, the abundance of As and Sb decreases, nearly ex-
ponentially, down to a depth of about 30 cm, where the ele-
ment concentrations reach values which remain almost con-
stant down to the core bottom in both salt marshes. In contrast,
Hg contents decrease constantly from the peak down-core to
the bottom in the cores from both sites.

The chronology provided by *'°Pb and '*’Cs activities
(Fig. 4) indicates increasing As, Hg, and Sb concentration
from the late nineteenth century (1885). The element concen-
tration peaks can be dated back to a time interval between the
1960s and 1970s. Subsequent to that date, a decrease in the
concentrations of the three elements to the present time is
observed. The profiles of As-Hg-Sb concentrations in these
cores reflect the history of mining in the region.

Pre-mining levels and incidence of Hg mining
According to the geochronology of the salt marsh sediment

cores, the basal part of the cores, below 50 cm, corresponds to
the pre-mining period, before the beginning of the nineteenth
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century. Concentration profiles of As-Hg-Sb observed in these
pre-mining segments in both cores present similar trends: av-
erage pre-mining concentrations are 31.8 pg g ' for As,
0.33 pg g ' for Hg, and 2.7 ug g ' for Sb. In general, when
comparing these average concentrations with those reported
for European sediments (6.0, 0.04, and 0.6 g g, respective-
ly in accordance with Salminen et al. 2005) and Spanish sed-
iments (12.2, 0.02, and 1.1 pg g ', respectively, following
IGME 2012), the detected values in the salt marsh cores are
higher than the reference values. In addition, since Hg or other
trace elements such as As may derive from aerosols released
by various anthropogenic activities (Shotyk 2002; Moreno
et al. 2005), the atmospheric input must be taken into account.
In the Rofianzas Peat Bog close to Ribadesella (Asturias),
Gallego et al. (2013) evaluated the aerial deposition in the
north of Spain based on elements profiles of peat bog soil.
The Hg contribution in the modern period (1750-2000) by
aerial deposition reached a maximum of 0.20 pg g ' which
is lower than the Hg pre-mining concentrations estimated in
this study. As a consequence, this evidence indicates that the
aerial deposition of Hg and the other elements in the salt
marshes is negligible when compared with the natural back-
ground due to the presence of mineralised deposits that act as a
geogenic source of these elements.

Industrial-scale (Fig. 5) development of mercury mining in
the Nalon river basin, from 1850 to 1969, produced 8600 t of
mercury (250,000 flasks) (Luque and Gutierrez-Claverol
2006). The profiles of As-Hg-Sb concentrations along the
cores seem to follow the historical Hg mining activity in the
river basin. The detected increases and decreases in concen-
tration of the three elements coincide with the dates of the
mining periods. In particular, the maximum detected concen-
trations dated to the end of the 1960s, during the height of
mining production. The cessation of extraction activity in
1969 is indicated in the cores by a decrease in concentration
of the three elements from their maximum values up to the
core top. When the actual surface sediment concentrations are
compared to those from the pre-mining period, the difference
suggests that large amounts of mine waste are still present in
the drainage basin of the Nalon River.

Hydrological factors controlling the transport of elements
from the river basin to the estuary are significant and should
also be taken into account in elucidating the geochronological
sequence of the estuarine sediments. The apparent null delay
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Fig. 5 Hg production in Asturias 12000

since 1850 till the present time
(data extracted from the annual
mining statistics of Spanish
bulletin 1850-2017)
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between the time of the highest mining production and the
peak Hg concentration in the cores suggests two important
realities. First, rivers carried an important anthropogenic metal
load downstream from the mines during the Hg mining peri-
od, as revealed by the vertical metal profiles in the sediment
cores. Second, part of this anthropogenic load remains in dif-
ferent compartments of the river basin and is being gradually
released into the fluvial environment, as indicated by the ab-
sence of a drastic decrease in concentrations in the vertical
profiles following the cessation of mining.

As-Hg-Sb stored in the salt marshes

The absence of relevant post-depositional migrations or
remobilisation of As-Hg-Sb from bottom sediments after depo-
sition allows a geochronological reconstruction of the element
supply in recent sediments. In particular, the anthropogenic
component can be described by considering the productivity
of the Hg mines in the basin. Based on this reconstruction, a
first cumulative element inventory may be estimated. The cu-
mulative element inventory quantifies the total amount of the
element loaded to the salt marsh sediments over time. If the
natural input of an element is removed by subtracting the base-
line concentration from the total concentration, the inventory
represents only the anthropogenic load. In this case, the pre-
mining estimates from the lower part of the cores have been
used to calculate the salt marsh inventory of anthropogenic As-
Hg-Sb. To calculate the inventory of each element, the accu-
mulation rate (Metalsr) in sediments is first calculated from the
following egs. (1), (2), after Covelli et al. (2006):

Metalap (g mfzyrfl) = wx (Metal content)s x 10*

(1)

with w = (1—p)xvxp (2)

M.//ud'\\ALs N Lem—

1870

—&— Hg production

1890 1910 1930 1950 1970 1990 2010

where w is the mass sedimentation rate (g cmfzyearfl), (Metal
content)s is the element concentration in sediment (g g ), ¢ is
porosity, v is sedimentation rate (cm year '), and p is sediment
density (g cm ). As the geometry of the samples is similar
(radius of liner, 4 cm; thickness of sample specimen, 2 cm),
the porosity and density of each sample were estimated based
on the geometry and the difference between wet and dry weights.
The temporal variability of excess As, Hg, and Sb due to anthro-
pogenic activity was estimated from the difference between the
total and pre-mining levels as described in section 3.3. By ap-
plying the average sedimentation rates estimated on the basis of
210py, activity in cores MSE-1 and MSE-2, and taking into ac-
count the vertical variability of porosity and density (Fig. 6),
accumulation rates or fluxes of the three elements along the core
profiles were determined and are reported in Fig. 7. From the
vertical profiles, dry density slightly increases from the bottom to
the core top in spite of the greater quantity of organic matter. This
fact is attributed to the contributions from mining activities
which have increased the amount of heavy minerals that offset
the major presence of organic matter.

Conversion of the vertical profiles (sediment depth) to es-
timated calendar age (Fig. 6) revealed that fluxes of As, Hg,
and Sb in the salt marsh sediments due to anthropogenic ac-
tivity have significantly increased. According to the vertical
profiles, the key date seems to be around 1920, when the onset
of the increase in anthropogenic As, Hg, and Sb in both salt
marshes is apparent. Although Hg mining activity began in
the middle of the nineteenth century, the results obtained from
our cores show a clear delay in anthropogenic As, Hg, and Sb
enrichment in the salt marsh sediments. The contribution of
early mining activity was probably not sufficient to be record-
ed in the sedimentary sequence, or the delay may correspond
to the time interval necessary for the contaminated sediments
to reach the estuarine environment.
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An assessment of the total concentration of each element in
the sedimentary columns from the beginning of the mining
period was attempted through the estimation of the inventory
[3] for each element in the sediment cores in accordance with
Covelli et al. (2006):

— ES
Metyy, (mgm™?) = Z{(Met ),(1I=e) x pxd| x 10 (3)
where (Met™), is the concentration in the sediment corrected
for the pre-mining baseline value and d in centimeters is the
thickness of sediment between two consecutive analysed core
subsamples. The cumulative Met inventory is the total mass of
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the selected element due to mining input deposited on a 1-m?
surface area.

The results (Table 3) show only slight differences between
the two sites, especially for the amount per unit area of As,
which is higher in the MSE-1 core than in the MSE-2 core.
Based on these inventories, a rough estimation of the total
amount of each element buried in the salt marsh sediments of
the Nalon river estuary can be attempted. Although a large
number of core profiles would be necessary to better define
the spatial variability of the elements in the sedimentary se-
quence, we may assume that each core is representative of each
salt marsh in terms of sedimentary column and temporal
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Table 3 Inventory of As-Hg-Sb
in cores due to mining
contributions in the period

As baseline (ug g ")

As total accumulation rate
post-1890 (mg m 2 year ')

As inventory
(1890-2017) (mg m 2)

18902017
Surface Peak Average
MSE-1 31.8 269.9 11443 564.7 71,713.4
MSE-2 31.8 192.0 1294.8 541.1 68,719.0
Hg baseline (ug g ') Hg total accumulation rate Hg inventory
post-1890 (mg m? yearfl) (1890-2017) (mg m?)
Surface Peak Average
MSE-1 0.33 12.5 68.5 29.2 3718.0
MSE-2 0.33 10.8 70.8 29.9 3800.1
Sb baseline (g g ") Sb total accumulation rate Sb inventory
post-1890 (mg m2 yearfl) (1890-2017) (mg mﬁz)
Surface Peak Average
MSE-1 3.7 0 62.6 25.0 3166.9
MSE-2 3.7 0 35.4 232 2611.3

variability of trace element concentration. Based on these as-
sumptions and considering the inventory of each salt marsh
(Fig. 1), a rough estimate, approximate by default, of the
amount of As, Hg, and Sb ‘trapped’ in the salt marsh sediments
of the Nalon estuary is about 18.7, 1.0, and 0.7 t, respectively,
with the majority buried in the western salt marsh (around
72%). Taking into account the As input of 12 t year ' to the
river drainage basin after the closure of the mining activity
(Ordotiez et al. 2013) and the calculated As trapped in the salt
marsh sediments in the most recent sedimentary sequence, a
gross estimation of the retention in these areas shows that the
majority (99%) of As and probably of Hg and Sb have been
discharged into the Cantabrian sea or have been stored in the

estuary channel. The marsh areas thus retain less than 1% of the
total. Although several simplifying approximations were used
in this estimation, the results are approximately one order of
magnitude higher than similar assessments reported in the lit-
erature for salt marshes (Bricker 1996; Connor et al. 2001),
suggesting that our estimate of retention is fairly realistic due
to the major inputs produced during river flood events.

Environmental implications
The average pre-mining concentrations in the sediments

(31.8 ug g ! for As, 0.33 ug g ' for Hg, and 2.7 pg g ' for
Sb) are systematically above the reference values used to
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estimate the potential risk for biota, such as the US National
Oceanic and Atmospheric Administration (Buchman 2008) or
the Canadian Council of Ministers of the Environment
(CCME 2001). Therefore, taking into consideration the par-
ticular geological context of the study area, a comparison with
these values is not realistic and would lead to a misleading
interpretation. However, an approximate assessment of the
“potential risk” for the biota due to trace metal sediment con-
tamination may be done through the geoaccumulation index
(Igeo) (Miiller 1969). This index was selected due to its sim-
plicity of use and the excellent results obtained to evaluate the
sediment quality of other potentially contaminated ecosystems
(e.g. Hasan et al. 2013; Garcia-Ordiales et al. 2015). The Igeo
is expressed as follows:

Cn

138, (4)

Igeo = log,
where Cn is the measured concentration of the metal (n) in the
sediment, Bn is the background value for the metal (n), and
the factor 1.5 is introduced to include possible differences in
the background values due to lithological variations.

The results (Fig. 8) are interpreted in accordance with the
six contamination levels proposed by Miiller (1981). Arsenic
and Sb Igeo values show that sediments can be considered as
showing a low level of contamination in spite of the high
concentrations detected, thus suggesting a low potential risk
for both elements. Conversely, this not true for Hg, since, for
most of the core levels in the upper part of the vertical profiles,
the metal enrichments show significant contamination and a
potential risk for the biota. In fact, the upper parts of the
sedimentary sequence in both cores are coincident with the
rhizosphere for plants. These are able to uptake trace metals
through their root system, may immobilise or possibly trans-
locate small amounts of these elements into the aerial parts
(Petranich et al. 2017). In addition, since salt marshes are often
threatened by erosive processes due to human activities which
are coupled with sea-level rise and the negative sediment bud-
get (Fontolan et al. 2012), a certain amount of As, Hg, and Sb
“entrapped” in these salt marshes could be remobilised and
dispersed into the estuarine environment thus producing po-
tential adverse effects to the aquatic biota.

Conclusions

In the coastal marine area of the Nalon river estuary, salt marsh
sediments are undoubtedly able to record the contamination
suffered by the aquatic environment as consequence of historical
Hg mining. The basal sections of both cores consist of sediments
which do not show contributions from Hg mines, establishing
reference values for future studies in the area and highlighting,
on the one hand, the difference between the impacted sediments
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located in the middle sections and, on the other hand, how after
cessation of mining, natural attenuation has gradually reduced
the contaminant inputs to the estuary, as shown by the top sec-
tions of the cores. The profiles of both cores also provide infor-
mation on the development of these morphological structures in
terms of sediment accumulation rates. The assessment of the
current status and the history of contamination may be important
for future conservation and management plans for the salt
marshes including, for instance, the periodic deposits of dredged
sediments from the channel. Also, as these deposits may suffer
erosive processes or translocations between environmental com-
partments, they represent potential sources of contaminants not
only within the estuary environment but also in the nearby
Cantabrian sea coastal environments through tidal flux ex-
change. Protection and study of these salt marshes should be
taken into consideration from this point of view as well as based
on their importance as ecological niches for salt marsh-
dependent animals and halophytic vegetable species.
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