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• Significant enrichments of Hg, Pb, Cd
and Zn in NE Spain during the Industrial
period

• Site-specific processes and geographical
location may affect metals enrichment
factors

• High-altitude alpine lakes record more
efficiently regional pollution

• Highest trace metal accumulation be-
tween 1840 and 1920 CE due to local
mining activities

• Secondary increase in anthropogenic
trace metals EFs during the Great
Acceleration
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The study of three lacustrine sedimentary archives along an altitudinal transect in the Southern Central Pyrenees
- lakes Estanya, Basa andMarboré- has provided a unique recordof changes in anthropogenic tracemetal concen-
trations over the last six centuries in NE Iberian Peninsula. Although site-specific processes influence metals en-
richments in each lacustrine system, significant enrichments of Hg and Pb andminor tomoderate enrichments of
Cu, Cd, and Zn with respect to baseline (Pre-industrial) concentrations highlight intensive release of anthropo-
genic trace metals with the advent of the Industrial Revolution leading to maximum values during the 20th cen-
tury. The largest tracemetal pollution occurred between 1840s and 1920s CEmainly derived from the increasing
demand of ore resources in Southern Europe during the Industrialization. A second, less distinct pollution phase
occurred between 1950s and 1990s, associated with the “Great Acceleration” and increased trace metal emis-
sions related to road-transport, use of fertilizers in agriculture and the global boost of the Chemical Industry. En-
richment of mercury during the Industrial Period correlates well with Hg production in Spanish Almadénmines
and global emission inventories. Localmining in the Pyrenees and regional smelting activities in Spain and South-
ern France may explain the enrichment of lead (and associated by-products cadmium and zinc) during the first
pollution phase while the use of leaded gasoline since the mid-20th century drives the higher Pb enrichment
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factor found till the late 20th century. This investigation demonstrates that environmental regulations controlling
emissions of hazardousmetals during the last decades have greatly contributed to a significant reduction of these
anthropogenic trace metals enrichments in natural ecosystems although they still double pre-industrial levels.
This study also exemplifies the different sensitiveness of lacustrine systems to record past atmospheric pollution
phases and highlights the need of multi-archive studies to conduct regional (rather than local) pollution
reconstructions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The atmospheric release of tracemetal pollutants is amajor problem
that threatens living organisms and human population at a global scale.
An increasing awareness in the emission trends of mercury, lead and
cadmium is developing during the last decades since they are priority
contaminants within various international programs aiming at the re-
duction of environmental and human exposure to air pollution
(Pacyna et al., 2009). Although these trace metals are also released to
the atmosphere from natural sources (soil and rock dust, natural forest
fires, sea spray, volcanism), anthropogenic emissions such as fossil fuel
combustion, waste incineration and metallurgy and/or industrial pro-
cesses are by far the primary pollution source since historical times
(Amos et al., 2013, 2015; Martinez-Cortizas et al., 1999; Nriagu, 1996;
Gascón-Díez et al., 2017). Mining and smelting activities have been
the main anthropogenic sources of atmospheric emissions of trace
metals -including Cu, Pb, Hg, Cd and Zn - at a global scale (Dudka and
Adriano, 1997; Hylander and Meili, 2003). The release of toxic heavy
metals during (pre)historic mining and metallurgy activities – particu-
larly since Roman times- also constitute one of the oldest, large-scale
anthropogenic impact on the environment (Hillman et al., 2015;
Martínez-Cortizas et al., 1997; Nriagu, 1996; West et al., 1997). Never-
theless, it was not until the Industrial Revolution when trace metal re-
leases to the atmosphere became a global concern. Industrialization
brought an unprecedented demand for metals and an exponential in-
crease in the intensity of mining, smelting and roasting activities
(Nriagu, 1996). As a consequence, the input of these anthropogenic
metals into the Earth's surface has greatly exceeded those in the litho-
sphere (Han et al., 2002).

Unfortunately, atmospheric emission inventories of trace metals are
scarce and restricted to the last decades (Horowitz et al., 2014; Nriagu,
1979; Nriagu, 1989; Olendrzyński et al., 1996; Pacyna et al., 2007;
Pacyna and Pacyna, 2001; Streets et al., 2017; Zhang et al., 2016). In
this line, natural archives have been widely used to reconstruct the
long-term pollution history related to human activities to contextualize
current atmospheric pollution changes. These sedimentary records also
allow us: i) to understand the variability of different pollution sources
through time and; ii) to evaluate the different ecosystem's response to
enhanced pollution in terms of contaminant's burden and residence
time in sediments and soils prior to their release back to the surface en-
vironment. This paleoenvironmental information can support policy
makers to develop strategies and policies to reduce their emissions
and impact in fragile ecosystems.

In the Iberian Peninsula, which has a long tradition of mining and
smelting activities since Roman times, primarily focused upon the ex-
ploitation of mercury, gold, silver and lead, the anthropogenic release
of trace metal to the environment has been continuously preserved in
peatbogs (Martinez-Cortizas et al., 1999; Martínez Cortizas et al.,
2012), marine and coastal sediments (Leorri et al., 2014; Martín-
Puertas et al., 2010; Rubio et al., 2000; Serrano et al., 2011) and lacus-
trine sediments (Camarero et al., 1998; Corella et al., 2017; García-Alix
et al., 2013; Hillman et al., 2017; Martín-Puertas et al., 2010). Indeed,
mining during Roman times at the Iberian Peninsula and other Roman
provinces led to large-scale tracemetals atmospheric pollution even re-
corded in Greenland ice core records (Rosman et al., 1997). Among nat-
ural archives, mountain lakes record most efficiently past atmospheric
pollution phases since: i) their sediments accumulate continuously
and, therefore, the pollution chronicle can be precisely dated using ra-
diometric techniques; ii) the enrichments of trace metals are not
overestimated as occurs in peatbogs and/or marine sediments (Biester
et al., 2007; Serrano et al., 2011); iii) the “cold trapping” effect caused
by elevation thatmake these locations regional convergence areas of at-
mospheric pollutants (Camarero, 2017); iv) their location in remote
areas that may not be greatly affected by local activities thus recording
the long-range transport of atmospheric pollutants (Bacardit et al.,
2012; Camarero et al., 2009; Catalan, 2015; Thevenon et al., 2011) and
v) their reduced catchments make themmore sensitive to direct atmo-
spheric deposition of pollutants. Nevertheless, trace metal's biogeo-
chemical cycles are intrinsic to each individual alpine lake. Therefore,
a site-specific detailed understanding of trace metal depositional pro-
cesses should be achieved before using these natural archives as proxies
for past regional atmospheric pollution.

The main objective of this study is to evaluate the anthropogenic
trace metal enrichment and depositional patterns in the Southern Cen-
tral Pyrenees since the onset of the Industrial Period. In this aim, a com-
parative study has been undertaken in three contrasting lacustrine
environments across an altitudinal gradient from Lake Estanya (located
in the lowland close to the Ebro Basin) and the alpine lakes Basa de la
Mora and Marboré, located in high-elevation areas of the South Central
Pyrenees. The trace metal distribution in each lake, as well as the inter-
comparison of the different metal concentration and enrichments
among the studied lakes allow us: i) to understand the different lake's
ability to preserve the pollution signal according to their intrinsic limno-
logical and morphometric characteristics; ii) to reconstruct the atmo-
spheric contamination in the Southern Pyrenees for the last six
centuries and iii) to elucidate possible sources controlling the enrich-
ment of the anthropogenic trace metals (Cu, Cd, Hg, Zn and Pb) at a
local Vs regional scale.

2. Study site

The three studied lakes are located in aN-S altitudinal transect - Lake
Estanya (LE), 670 m a.sl; Lake Basa de la Mora (LB), 1914 m a.s.l. and
Lake Marboré (LM); 2612 m a.s.l.; Fig. 1, across the Southern Central
Pyrenees. The area is characterized by south verging thrust and folds,
mainly composed of Mesozoic and Early Cenozoic rocks (Vera, 2004).
LM and LB are located in the Inner Mountain Range while LE is located
in the Southern External Ranges, close to the northern boundary of
the Ebro River Basin. The three lakes have relatively small lake's surface
area (ranging from 5.5 to 18.8 ha) and small tomiddle sizedwatersheds
(ranging from 106 to 462 ha) composed mostly of carbonated bedrock
(Leunda et al., 2017; Morellón et al., 2009a; Oliva-Urcia et al., 2018;
Pérez-Sanz et al., 2014; Valero-Garcés et al., 2013).

The Southern Central Pyrenees are located in a transitional area be-
tween the Eurosiberian and Mediterranean bioclimatic regions
(Peinado Lorca and Rivas-Martínez, 1987) which are mainly different
in terms of precipitation amount and seasonality. Mean annual temper-
atures and precipitation across the altitudinal gradient ranges from ~5
°C and 2000 mm close to LM to 14 °C and 470 mm in LE (Morellón
et al., 2009b). The elevational gradient across the three lakes results in
an altitudinal distribution of vegetation where lowlands are occupied
by crops and riparian corridors while forest composed of Pinus unciata



Fig. 1. A) Altitudinal map of the Iberian Peninsula with the location of the studied transect and other sites discussed in the text (1: Kanala salt marsh; 2: Lake Redó; 3: Lake Montcortès; 4:
Almadénmercurymines). B) Aerial photograph of Southern central Pyreneeswith the location of Lake Estanya, Lake Basa de laMora and LakeMarboré and themain ore deposits (galena
mines) in the area. C) Photographs of the studied lakes; D) Bathymetric maps of the studied lakes (contour lines every 5m) and location of gravity (orange) and UWITEC (red) long cores.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mixed with Juniperus communis and shrublands occur at the base of the
foothills up to 2000 m a.s.l. where the tree line is located (González-
Sampériz et al., 2017; Pérez-Sanz et al., 2014).

LM (42°41′N; 0° 2′E, Fig. 1) has a surface area of 14.3 ha and awater-
shed of 137 ha (Valero-Garcés et al., 2013). It is emplaced in Cretaceous-
Neogene carbonated limolites (Nicolás-Martínez, 2013). The vegetation
cover around the lake is very scarce with only a few remains of alpine
rocky species (Leunda et al., 2017; Sánchez-España et al., 2018). The
lake has amaximumdepth of 30m (Fig. 1D). The lake level is controlled
mostly by precipitation/evaporation balance with an inlet and an outlet
located in the western and southern area of the lake respectively
(Nicolás-Martínez, 2013; Valero-Garcés et al., 2013). It is a cold dimictic
and ultra-oligotrophic lake with alkaline waters (Sánchez-España et al.,
2018). Ice and snow cover LM surface from December to July (Sánchez-
España et al., 2018).

LB (42° 32′ N, 0° 19′ E, Fig. 1) has a surface area of 5.5 ha and a wa-
tershed of 462 ha (Pérez-Sanz et al., 2014; Valero-Garcés et al., 2014).
The watershed is composed of Mesozoic limestones and Triassic



Fig. 2. Age-depth models for the three studied lakes based on 210Pb (circles), 137Cs (stars)
and 14C (squares) radiometric dating (modified from Morellón et al., 2011; Pérez-Sanz
et al., 2014 and Leunda et al., 2017).
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hypovolcanic rocks (ophites) (Pérez-Sanz et al., 2014). It is a holomictic
lake with maximumwater depths varying seasonally from 2.5 to 4.5 m
depth (Fig. 1D). The lake level is controlled by precipitation and surface
run-off with ephemeral inlets in the southern shore and a surface outlet
in the southern lakemargin. Thewatershed ismainly vegetatedwith al-
pine grassland, Pinus uncinata forest and shrublands.

LE (42° 02′N, 0°32′ E, Fig. 1) has a surface area of 18.83 ha and awa-
tershed of 106 ha (Morellón et al., 2009b; Valero-Garcés et al., 2014).
The endorheic watershed basin is constituted by Triassic marls and
claystones (in the lake basin) and carbonated rocks in the highest eleva-
tions of the catchment (Morellón et al., 2011). It is amonomictic and ol-
igotrophic lake with a maximum lake's water depth of 20 m (Fig. 1D).
The hydrological balance is mainly controlled by groundwater input
and evaporation output (Morellón et al., 2009a). Vegetation in the wa-
tershed consists in scrublands and oak forests in the high elevated
areas and a patchy landscape of natural vegetation and cereal crops in
the lowlands (González-Sampériz et al., 2017).

Lake sediments for the last six centuries in the three studied lakes
consist on massive to laminated siliciclastic mud with variable organic
(TOC ranging in LM from 0.1 to 1.1%; in LB from 1.5 to 2%; and in LE
from 2.4 to 8%) and carbonate contents (20–95%) (Valero-Garcés
et al., 2014).

3. Material and methods

3.1. Sediment coring

Sediment cores were retrieved in the studied sites using an UWITEC
(MAR11-1U, BAS08-1A-1U) and Kullemberg (LEG04-1K-1) floating
platforms from IPE-CSIC and Limnological Research Center (LRC), Uni-
versity of Minnesota, respectively. UWITEC gravity cores were addition-
ally collected to preserve the upper sediments and the water-sediment
interphase (MAR11-1G-1U, BAS08-1A-1G, LEG1A-1M). All the cores
were retrieved from the deepest part of the lakes (LE, 24 m depth, LM,
27 m water depth, LB, 2.5 m depth) (Fig. 1D).

3.2. Age-depth models

The age-depth models in the three lakes for the last 600 years are
based on 137Cs, 210Pb and Accelerator Mass Spectrometry (AMS) 14C ra-
diometric dating techniques (Fig. 2). These chronologies have been al-
ready stablished in previous studies - Lake Estanya (Morellón et al.,
2011); Lake Basa de la Mora (Pérez-Sanz et al., 2014); Lake Marboré
(Leunda et al., 2017; Oliva-Urcia et al., 2018). In the three studied se-
quences 210Pb dating was obtained by gamma ray spectrometry. Excess
(unsupported) 210Pb was calculated by the difference between total
210Pb and 214Pb for individual core intervals. 210Pbdates in the three sed-
imentary sequences were determined using the constant rate of supply
(CRS)model. The age-depthmodels in the three lake records have been
constructed by linear interpolation between the median ages of the
probability distribution of adjacent calibrated dates.

The chronology for the LM sediment sequence was developed using
one AMS 14C date from the long core MAR11-1U and 137Cs and 210Pb
dating performed in the gravity core MAR11-1G-1U. The 210Pb age
model is supported by the presence of a 137Cs peak at 6 cm (1963 CE)
in agreement with the 210Pb chronology (Oliva-Urcia et al., 2018;
Leunda et al., 2017). In LM the upper 41 cm comprises the period
1400–2010 Common Era (henceforth all dates are in CE) with mean
sedimentation rates (SR) of 0.7 mm/yr.

The chronology for the LE sediment sequence was achieved by com-
bining two 14C dates in core LEG04-1K-1 and 137Cs and 210Pb dating in
core LEG1A-1M. The 210Pb chronologymatches closely ages for the pro-
file derived using 137Cs since two clear 137Cs peaks at 14–15 cm and
8–9 cm, are consistent with 210Pb dates of 1960–1964 CE and
1986–1990 CE respectively (Fig. 2) (Morellón et al., 2011). LE shows
SR of 0.87 mm/yr for the period 1400–1965 CE (67–14 cm). SR
increased up to 3.41 mm/yr in LE since 1965 (14–0 cm) due to higher
clastic input to the lake.

LB age-depth model is constrained by one AMS 14C dates in core
BAS08-1A-1U and 137Cs and 210Pb dating in core BAS08-1A-1G. Two
137Cs peakswere recorded at 15 cmand 21 cmdepth providingmarkers
for the 1954–1959 and the 1963 maximum atmospheric nuclear bomb
testing in agreementwith 210Pb chronology (Pérez-Sanz et al., 2014). LB
displays mean SR of 1.2 mm/yr for the period 1400–2011 CE (73–0 cm)
(see Morellón et al., 2011; Pérez-Sanz et al., 2014, Oliva-Urcia et al.,
2018 and Leunda et al., 2017 for further descriptions and information
of the age-depth models in the studied lakes).

3.3. Geochemical analyses

The sediment cores were split lengthwise. Geochemical analyses
were carried out in discrete samples retrieved downcore in the studied
cores at mean intervals of 1–2 cm (Fig. 3 and Fig. S1). In order to deter-
mine the concentration of major inorganic elements including (Al, As,
Ba, Cd, Co, Cr, Cu, Fe, K, Mg, Mo, Ni, Pb, Si, Sr, Zn, and Zr), 81 samples
were digested with HNO3 (9 ml) and HCl (3 ml) in a microwave oven
‘BERGHOF MWS’ and analyzed by optical emission spectrometry using
inductively coupled plasma – atomic emission spectroscopy (ICP-OES;
Thermo ICP-OES iCAP 6300 DUO – Thermo Fisher Scientific, Waltham,
MA, USA) at the IPE-CSIC laboratories. Total Carbon (TC), Total Organic
Carbon (TOC) and Total Inorganic Carbon (TIC) had been previously de-
termined with a LECO SC 144 DR elemental analyzer (Morellón et al.,
2011; Oliva-Urcia et al., 2018; Pérez-Sanz et al., 2014). TIC values were
obtained by subtracting TOC from TC. Total Hg concentration measure-
ments were carried out by Cold Vapor Atomic Absorption Spectropho-
tometry (CV-AAS) using an Advance Mercury Analyzer (AMA 254,
LECO Company). This equipment is specifically designated for the direct
mercury determination in solid and liquid samples without a need of
sample chemical pre-treatment. Certified reference materials (CRM)
were used to determine the accuracy and precision of the Hg measure-
ments. These reference materials were ZC73027 (rice, 4.8 ± 0.8
μg kg−1) and CRM051–050 (Clay soil, 4.08±0.09mgkg−1). The repeat-
ability was Sr ≤ 15% and the relative uncertainty associated with the



Fig. 3. Trace metal concentrations in depth (top) and age (bottom) scales in LE (Green), LB (black) and LM (red) sedimentary sequences. Dashed lines represent the Threshold Effect
Concentrations (TEC, red) and the Severe Effect Level (SEL, black) values in dry sediment for Pb, As, Cu, Ni, Cr and Hg according to MacDonald et al. (2000). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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method (k = 2) was ±20%. All analyses were run at least in triplicate.
Total metal concentrations are expressed in μg g−1 of dry weight sedi-
ment. In this study, EFs have been estimated to identify human interfer-
ence in natural element cycles. Firstly all the anthropogenic tracemetals
have been normalized to aluminum (Al) in order to confirm that the
changes in metals concentrations are not related to detrital input vari-
ability. Al has been selected for normalization since this lithogenic ele-
ment is immobile (i.e. geochemically stable) in the sediments and it is
abundant in carbonated watersheds (Boës et al., 2011; Tylmann,
2005). EFs have been calculated using the basal sediments average con-
centrations that represent baseline conditions.

EF ¼
Mcm½ �

.
Alcm½ �

½Mbottom�
.

½Albottom�

where [Mcm] and [Alcm] represent the metal and aluminum concentra-
tions at the same depths of the sediment cores while [Mbottom] and
[Albottom] are the metal and aluminum concentrations in the basal sedi-
ments of the sediment cores in LB, LM and LE respectively. It is impor-
tant to note that baseline conditions in the 15th century do not
indicate natural background conditions since anthropogenic activities
have intermittently occurred since Roman times.

In LM, 12 samples were collected for Pb isotopic analyses since Pb
total concentrations show the highest values in this lake's record
(Fig. 3, Table S1). A 0.1 g of powdered rock was digested overnight in
HNO3 and evaporated to dryness. The residue is taken in HBr, and Pb
isolated by conventional ion-exchange chromatography (AG1-X8 resin
in HBr andHClmedia). The recovered lead is evaporated to dryness, dis-
solved in 0.32 M HNO3 and diluted to a final concentration of
150–200 ppb. Lead isotope ratios aremeasuredwith a ThermoNEPTUNE
multicollector ICP-MS from the University of Basque Country, and the
mass fractionation is internally corrected after the addition of thallium
isotopic reference material NBS-997. Detailed protocols are similar to
those described by (Chernyshev et al., 2007).
3.4. Statistical analysis

Statistical correlations between all the geochemical elements (Al, As,
Ba, Cd, Co, Cr, Cu, Fe, Hg, K,Mg,Mo, Ni, Pb, Si, Sr, TIC, TOC, Zn, and Zr) and
between TIC and trace metals EFs have been carried out to understand
the main environmental and depositional processes that occur in the
three studied lakes. The data are not normally distributed; therefore,
correlation coefficients were calculated using the Spearman rank
order method (Tables S2 and S3). Statistical analyses have been per-
formed using the SPSS 23.0 software.
4. Results and discussion

4.1. Trace element geochemical trends in the sediment cores

Concentration for most of the trace metals in the three studied lakes
followed different down-core concentration evolutions (Table S4,
Fig. 3). During the Pre-industrial Period LM exhibited higher concentra-
tions of Cd, Pb, As, Ni and Zn (0.8, 20.8, 10.3, 30.9 and 75.4 mg kg−1 re-
spectively). Zn concentrations are anomaly high in LM before the pre-
Industrial Period compared to LB and LE suggesting local sources, most
likely due to weathering of sphalerite outcropping in the lake's water-
shed. Indeed, a recent limnological survey in the lake's waters showed
very high Zn concentrations in the water column, likely associated to
that weathering process (Sánchez-España et al., 2018). Maximum con-
centrations of Cr (112 mg kg−1) and Cu (30.8 mg kg−1) were found in
LB. On the other hand, LE showed the highest concentrations of Mo
(3.2 mg kg−1) and Hg (0.04 mg kg−1). A noticeable increase of some
trace metals occurred in LE and LM since the Industrial Period, with a
two to three-fold increase in Hg and Pb concentrations in LE and LM
and a 3-fold increase in Mo in LE (Table S4). LB concentrations of As-
Cu-Ni-Cr largely exceed the Threshold Effect Concentration (TEC)
guideline implying that adverse effects in the lacustrine ecosystem
might have occurred (MacDonald et al., 2000). Concentrations of Pb-
As-Ni-Cr, As-Cu-Ni-Cr and Ni-Cr exceed the Threshold Effect Concentra-
tion guideline (TEC, MacDonald et al., 2000) in LM, LB and LE,



Fig. 4. Anthropogenic trace metals average enrichment factors in LM; LE and LB and
standard deviations during the Industrial Period with respect to baseline levels (before
1760 CE). Black, red and green dashed lines represent EF thresholds for minor (b1.2),
moderate (b1.5) and major (1.5≥) enrichments respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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respectively (Fig. 3), suggesting that these trace metal concentrations
might have had ecotoxicological relevance in these lacustrine
ecosystems.

4.1.1. Trace metals´ enrichment factors
This study focus on thenon-crustal origin of tracemetals enrichment

during the last centuries. Thus, positive enrichment factors (EFs) for the
Fig. 5. Bottom to top:Mercury Enrichment factor (EF) in LE (Green), LB (black) and LM (red) se
mines (after Hylander and Meili, 2003); Global primary anthropogenic mercury emissions to t
references to colour in this figure legend, the reader is referred to the web version of this artic
Industrial Periodwere found for Hg, Pb, and, to a lesser extent, for Zn, Cd
and Cu, thereby indicating their polluting character (Table S4, Figs. 4, 5
and 6). EFs of these trace metals are in agreement with tracemetals EFs
in other alpine regions in Europe that accounts for higher enrichment of
Pb, Hg and As and, secondarily, Zn, Cd and Cu (Camarero, 2017;
Camarero et al., 2009). Arsenic does not showany particular enrichment
in our study sites because the likely anthropogenic signal is masked by
the high concentrations of As in Pyrenean natural (pre-industrial)
soils (Bacardit and Camarero, 2010b; Camarero, 2003; Camarero et al.,
2009). Pb, Zn, Cd and Cu EFs show a large variability in each lacustrine
system. In LM,Hg and Pb exhibit themajor EFs (2.7 and 1.8 respectively)
while Cu EF (1.2) showed minor increases. Mo, Hg and Pb showed the
highest EFs in LE (6.9, 3.7 and 2.7 respectively). Moderate EFs in this
lake also occur for Cd (1.5) and Zn (1.4). Trace metals EFs in these two
lakes could be clustered in two main periods (1840s–1920s CE) and
(1950s–1990s CE). On the other hand, LB do not follow the same
trend observed in LM and LE, showing only a moderate increase of Cu
(1.4) and Pb (1.3), and minor increases of Hg (1.1).

4.1.2. Pb isotope record in Lake Marboré
The different Pb isotopic dataset (Table S1) correlates well suggest-

ing a binary mixing model with two components (Pb geogenic and Pb
anthropogenic) (Figs. 6 and 7, Fig. S1). According to this overall correla-
tion, trends in 208Pb/206Pb and 207Pb/206Pb (Fig. 6) are representative of
all isotope ratios summarized in Table S1. 208Pb/206Pb and 207Pb/206Pb
ratios show low (geogenic) values during for the period ca.
1500–1750 CE and a progressive increase since industrialization. The
highest (anthropogenic) isotopic ratios are found at the turn of the
20th century and during the Great Acceleration (i.e. since 1950s CE)
while a return towards less radiogenic values occurred at ~1930 and
during the last decade.
dimentary sequences for the last 600 years; Estimations of mercury production in Spanish
he atmosphere (from Streets et al., 2011; Horowitz et al., 2014). (For interpretation of the
le.)



Fig. 6. Bottom to top: Zinc, copper, cadmium, lead and cadmium Enrichment factors (EF) in LE (Green), LB (black) and LM (red) sedimentary sequences for the last 600 years; Pb EF
recorded in Lake Montcortès (Eastern Pyrenees) sediments (Corella et al., 2017). Downcore profiles of lead isotopes (208Pb/206Pb and 207Pb/206Pb) in LM, Lake Redó (Eastern Pyrenees;
Camarero et al., 1998) and Kanala salt marsh (Basque Country, Leorri et al., 2014). Historical coal oil production in the European Union -from (HYDE, 2017)- and European Pb emissions
inventory (Pacyna et al., 2007). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Depositional and environmental controls of anthropogenic trace metal
across the Southern Pyrenees lacustrine systems

The tracemetal record preserved in LB, LE, and LMshow a significant
variability in termsof concentration, EFs and statistical correlationswith
other geochemical elements (Tables S2, S3 and S4) that may reflect dif-
ferent sources, transport pathways and depositional and preservation
mechanisms operating across the Southern Central Pyrenees altitudinal
gradient. Mean trace metal concentration values differ in each site dur-
ing the Pre-Industrial Period for the three lakes (Fig. 3). These
differences may respond to i) the different lithological variability in
the lake's watersheds that ultimately affects the metals entering the
lake via run-off and; ii) the sensitivity of the depositional system to re-
cord and preserve the trace metals in the sediments.

LM main anthropogenic pollutants Hg, Pb, Cd, Zn do not correlate
with the main lithogenic elements (Al, Ti, K, Mg, Ba and Zr) (Table S2)
that reach the basin via run-off. Therefore, direct atmospheric deposi-
tion is the most likely processes governing the accumulation of these
trace metals in LM. Trace metal enrichments in LM does neither corre-
late with: i) the organic matter content (TOC) implying that trace



Fig. 7. Pb isotope ratio diagram between 208Pb/206Pb and 207Pb/206Pb from Lake Marboré
(Green), Lake Redó (Purple) (Camarero et al., 1998) and Kanala salt marsh (blue)
(Leorri et al., 2014) during the Pre-Industrial and Industrial Periods and during the Great
Acceleration. The 208Pb/206Pb and 207Pb/206Pb isotope ratio of galena samples from
Pyrenean Cierco mines and inventories from Spanish coal and French gasoline are also
shown. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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metals fixation in the sediment is not controlled by the very reduced bi-
ological activity in LMwaters (Sánchez-España et al., 2018), nor with ii)
Total Inorganic Carbon content (TIC) (Table S2, S4) suggesting that trace
elements deposition is notmediated by carbonate precipitation. Indeed,
LM sediments are mostly devoid of carbonate and the small carbonate
fraction is clastic, transported from the glaciated sediments in the wa-
tershed. The water column is undersaturated with respect to calcite
(Sánchez-España et al., 2018; Oliva-Urcia et al., 2018) and small calcite
particles thatmay form seasonally in the lake dissolve before depositing
in the lake bottom without trapping trace metals.

Weak correlations of Hg, Pb and Cd with lithogenic elements in LE
also suggest that their enrichments mainly respond to atmospheric
fall out. The increase of Hg and Pb enrichments agrees well with higher
organic matter deposition and carbonate precipitation that occurred in
this lake during the Industrial Period (Morellón et al., 2011; Tables S3
and S4, Fig. 4) suggesting the fixation of these elements to organic-
bound compounds and carbonates in the sediment. Nevertheless, Hg
and Pb show a similar trend in both, LE and LM (Figs. 5 and 6) suggest-
ing that the role of increased organic matter and carbonate deposition
and preservation has solely enhanced the atmospheric signal preserved
in LE sedimentary record. The anomalous increase of Mo in LE is not
reflected either in LM or in LB. To our knowledge, there is not any signif-
icant Mo source near the lake. A strong correlation of Mo with TOC
(0.914) points to the fixation of this element under strong acidic
(euxinic) hypolimnetic waters coherent with higher organic deposition
in the lake during the last centuries. Indeed, efficient Mo burial in the
sediment under strong reducing conditions has been previously re-
ported in different euxinic lacustrine and marine environments (Scott
and Lyons, 2012; Wirth et al., 2013).

LB does not show significant trace metals EFs (Table S3, Fig. 4). Al-
though sediment focusing could explain this trend partially, other fac-
tors controlling the depositional dynamics in LB may have contributed
largely to the lower tracemetals EFs: i) the correlation ofmost of the an-
thropogenic pollutants with lithogenic elements (Table S2) suggests
that they may have reached the lacustrine basin during flood-related
run-off events that mobilized trace metals from the soil's watershed.
The higher sedimentation rate in LB also highlights an increase in the
allocthonous sediment supply to the lake in the studied period. There-
fore, a “dilution effect” of tracemetals concentrations is expected as ob-
served in other lakes and peatbog systems (Boyle and Birks, 1999;
Cornwell, 1986; Pérez-Rodríguez et al., 2015); ii) although the lake wa-
ters have likely been well oxygenated during the studied period due to
the shallowness of the lake, the sediments themselves may have been
through redox changes that may explain the concentration and EFs var-
iability of some tracemetals, such as Cr and Cu, since these elements can
be easily mobilized and re-precipitated in the sediment under anoxic/
oxic changes in the lake (Nriagu et al., 1993); iii) sediment (and trace
metals) remobilization during erosive underflow events related to
hyperpycnal currents entering the lake during run-off events may
have also hindered the atmospheric pollution record; iv) significant cor-
relations between TIC and trace metal enrichments (Hb, Pb, As, Cu and
Zn EFs) (Table S3) suggest that these trace metals enrichments might
be controlled by trace metal adsorption in carbonates precipitating in
the lake (Pérez-Sanz et al., 2014) masking the anthropogenic signal.

4.2.1. Sediment focusing effect
Sediment focusing describes the process involving sediment remo-

bilization in shallow lacustrine areas by water currents, gravitational
processes and waves and subsequent particles settling in the deeper
areas (Lehman, 1975). This process may ultimately control the geo-
chemical composition and heterogeneities in the lacustrine sedimen-
tary sequences (Mackay et al., 2012). Lake morphometry influences
sediment focusing with exposed lakes such as LB, resulting in sediment
distributionmore erratic (Blais and Jacob, 1995). LB shallowness aswell
as the elevated water surface vs depth ratio and gentle slopes would re-
sult in higher remobilization of trace metals within the sediment and
larger heterogeneities. On the contrary, the morphometric characteris-
tics of LM and LE, with steep slopes and deeper accumulation areas un-
affected by waves favoured sediment (and trace metals) settling and
preservation in the deepest areas of the lacustrine basinswhere the sed-
iment cores were retrieved.

Regarding sediment focusing at a catchment scale, the reduced lake
surface/catchment area ratio in LE and LM have diminished the sedi-
ment focusing effect favouring the direct atmospheric deposition (and
preservation) of trace metals pollutants in the sedimentary record as
seen in other eastern Pyrenean lakes - Lake Montcortès, Corella et al.,
2017; Lake Redó, (Camarero et al., 1998) - with similar morphometric
characteristics. Indeed, trace metals EFs in LB and LE display reasonably
similar values with Lake Montcortès EFs in terms of timing and magni-
tude (Fig. 6). In addition, the transfer of trace elements to the LM sedi-
ment should be potentially very effective because the retention of
pollutants in the catchment is comparatively low with respect to the
catchments in the lowland sites since in LM thewatershed is composed
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of bare rock and vegetation is very scarce. Contrarily to LB and LE, the
large LB catchment area may have also introduced a time-lag in the
transport and deposition of trace metal from the watershed to the
lake as sediments may get stored in the watershed by natural barriers
and forested areas and pollutants are fixed to soil particles. Indeed,
soils under conifer forest (most of LB's watershed area is forested by
Pinus uncinata) enhance retention of deposited trace elements because
of greater amounts of organic acids (Lovett and Kinsman, 1990). The de-
layed increase of anthropogenic trace metal during the onsets of Indus-
trialization and the Great Acceleration in LB suggests a time-lag
response of ~40–90 yrs., likely reflecting sediment focussing in the
catchment. Furthermore, the comparison between mean trace metal
EFs in LB with other nearby lakes (i.e. Lake Marboré, Lake Estanya,
LakeMontcortès) suggests that depositional processes in LB (most likely
sediment focussing) result in a 45–60% reduction in the lake's sensitive-
ness to record trace mental atmospheric pollution.

4.2.2. Altitudinal effect on trace metal deposition
Differences in altitude across the Southern Central Pyrenees gener-

ate a strong climate gradient in terms of temperature and precipitation
variability that may influence trace metal deposition onto the lake sur-
faces. Increasing precipitation with altitude should enhance trace metal
deposition at higher elevation sites (2000 mm mean annual precipita-
tion in LM and LB Vs 470 mm in LE). Indeed, direct measurements of
tracemetals (Zn, Ni, Cu, As, Cd and Pb) atmospheric fluxes in the South-
ern Pyrenees accounts for only 5–20% of dry deposition implying that
wet air masses controls the deposition of these trace metals (Bacardit
and Camarero, 2010b). Our results agreewellwith the abovementioned
monitoring study since mean concentrations of Cd, Pb, As, Cu, Ni and Zn
are significantly lower in LE compared to LB and LM, where there is a 4-
fold increase in mean annual precipitation inducing trace metals wet
deposition. Nevertheless, although metal concentrations are lower in
LE, metal enrichment factors over altitude indicated opposite patterns
of distribution. Thus, a ~1.4 general increase in Hg, Cd, Cr, Pb, Ni and
Zn EFs is observed in the lower-elevation LE with respect to the high-
altitude LM (Table S4). This inverse relationship with altitude indicates
that local pollution inputs are significant in the lowlands. Conversely,
site-specific features such as higher organic matter deposition and
stronger reducing bottom conditions in LE could have played an en-
hancing role. However, the same pattern has been observed in a previ-
ous study in Pyrenean soils across an altitudinal gradient where higher
enrichments of Ni, Cu, Zn and Pbwere found at lower elevation sites due
to the influence of local pollution sources – as roads, industries, human
activities - not observed in soils and winter snow cover at higher alti-
tude (Bacardit and Camarero, 2010a, 2010b). Low-altitude trajectories
of airmasses, close to the emission areas and crossing themixed bound-
ary layer in the lower atmosphere, may result in the higher enrichment
of trace elements in the low-elevation areas (Bacardit and Camarero,
2009) as recorded in LE. Seasonality may also explain the higher trace
metals enrichment at low-elevation LE since thermal inversion during
the cold season produced a capping effect, thereby limiting the trans-
port of atmospheric pollutants to higher altitude areas (Bacardit and
Camarero, 2009).

The high altitude LM can be considered as representative of back-
ground, global atmospheric pollution since long-range transport of at-
mospheric pollutants mostly takes place above the mixing boundary
layer. Although winter snow and ice cover may have also reduced
trace metals deposition in high altitude LM, trace metals deposition in
the Southern Pyrenees mainly occurs in summer when more frequent
inland air masses (enriched in trace elements) and a thicker atmo-
spheric mixed layer occurs (Bacardit and Camarero, 2009).

Enhanced Hg deposition is favoured by colder temperatures and
higher precipitation at high-elevation areas where atmospheric Hg
can be oxidized to divalent Hg (HgII), and accumulated onto lake's sur-
faces. Therefore, the climatic effect most likely controlled the increased
in Hg concentration in soils with altitude along a transect across the
Central Pyrenees previously reported byMcGee andVallejo (1996). Sur-
prisingly we see the opposite pattern in the studied lakes with the
highest Hg concentrations occurring at the low-elevation LE (Figs. 3, 4
and 5) where warmer and less humid conditions occur. We argue that
the Hg fixation to organic matter compounds in organic-rich sediments
such as LE directly competewith the climate effect controllingHg depo-
sition in high elevated areas.

4.3. Trace metals atmospheric pollution in Southern Pyrenees since the on-
set of industrialization

The analysis of sediment cores in LE, LB and LM provided a record of
anthropogenic trace metals historical contamination in the Southern
Pyrenees since the 15th century. The significant EFs increases of anthro-
pogenic pollutants Hg, Cd, Pb, and Zn in LE and LM clearly shows the ac-
celeration of atmospheric pollution in NE Spain with the advent of the
Industrial Revolution (~1760 CE) consistent with the increasing de-
mand of ore resources in Europe. On the other hand, trace metals en-
richment in LB shows a delayed pollution signal due to the intrinsic
morphological characteristics of the lake and its watershed. The trace
metal burden on soils from LB watersheds implies that pollutants can
be remobilized although trace metals atmospheric deposition is cur-
rently declining in the Pyrenean soils (Camarero, 2017).

4.3.1. Mercury
Mercury EFs remain constant with average values ~1 during the Pre-

Industrial Period except for a short period at the early 17th century
where Hg EF showed a 2-fold increase in LE. This increase in Hg deposi-
tion might be related to an increase in mercury production (and related
emissions) in Almadén (Southern Spain) during the first half of the cen-
tury (Fig. 5) where 8740 tons of mercury where extracted from these
mines and shipped to America for use in silver mining in the Spanish
colonies after the discovery of the patio amalgamation (Hylander and
Meili, 2003). A recent study in a similar karstic lake - in terms of limnol-
ogy, catchment size and bedrock - located in the eastern Pyrenees (i.e.
Lake Montcortès) also suggested mining activities in Almadén
(Fig. 1A) as a possible source of Hg pollution in the Pyrenees (Corella
et al., 2017). Hg EFs in LE became again close to 1 during the second
half of the 17th century likely related to the exhaustion of Hg resources
in Almadén during this period. The 3.7 and 2.6 fold increase in mercury
recorded in LE and LM respectively during the Industrial Period is in
agreement with other studies in continental sites from northern Spain
(Corella et al., 2017; Martínez Cortizas et al., 2012).

Both LE and LM show a similar Hg enrichment trends during the In-
dustrial Period that suggest regional (rather than local) Hg sources. A
progressive increase in Hg EFs in LE and LM took place at ~1770 CE
mirroring the mercury production in Almadén that boosted since the
onset of the Industrial Period (Hylander and Meili, 2003). Maximum
EFs were recorded at the turn of the 20th century with EFs of 5.7 and
3.7 for LE and LM respectively in ~1890 CE related to an abrupt increase
of Hg primary anthropogenic emissions to the atmosphere (Horowitz
et al., 2014; Hudson et al., 1995; Pirrone et al., 1998; Streets et al.,
2017). These emissions were mostly related to mercury use for amal-
gamation in large-scale mining (Hylander and Meili, 2003; Pirrone
et al., 1998), especially in the northern Hemisphere, where recent esti-
mates document the highest emissions of all time with up to 3 Gg/yr
of Hg emissions released to air (Streets et al., 2017) (Fig. 5). The higher
Hg EF found in LE could also be explained by the use of 1st generation
(pre ~1940CE)Hg-bearing fertilizers associated to agricultural practices
in the lowlands during this period.

A sharp decline in Hg enrichment in LM and LE occurred associated
to the lower Hg emissions during the periods between the two World
Wars when Hg levels fell to roughly half the previous values
(Horowitz et al., 2014; Streets et al., 2017). Maximum peaks in the
three lakes occurred between 1950 and 1990 – the Great Acceleration
- as a consequence of increased Hg production in Almadén and the
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raise in Hg global production and anthropogenic emissions to the atmo-
sphere related to widespread industrial uses of mercury (e.g. paint, bat-
teries, chlor-alkali plants) (Horowitz et al., 2014; Hylander and Meili,
2003) (Fig. 5). The implementation of environmental regulations on
Hg uses and related emissions in North America and Europe during
the late 20th century (Zhang et al., 2016) was efficiently recorded in
the Southern Pyrenees where the studied lakes show an abrupt decline
in Hg EFs since the 1990s. Nevertheless, Hg enrichment during the early
21st century still doubled Pre-industrial levels.

4.3.2. Lead, zinc, cadmium and copper
Enrichment of Pb, Zn and Cdwere modest in Southern Central Pyre-

nees during the Pre-industrial Period (Fig. 6), although regional records
show relatively high values during Roman times (Camarero et al., 1998;
Mata et al., 2013; Oliva-Urcia et al., 2018). These trace metals EFs
slightly increased since during the late 18th century and showed a pro-
gressive increase since the 1840s reaching the maximum peaks at the
turn of the 20th century with a three-fold enrichment in Pb in LE and
LM. The increase in Pb atmospheric fall-outmay respond to the increas-
ing trend in lead pollution in Europe, mainly related to higher Pb pro-
duction, smelting techniques and coal combustion in western Europe
during this period (Martínez Cortizas et al., 2012; Rosman et al., 2000;
Schwikowski et al., 2004; Shotyk et al., 1998; von Gunten et al., 1997)
(Fig. 6). Indeed, the exponential increase in coal combustion in Europe
since 1850 CE (Fig. 6) has been proposed as the main source leading
to enhanced Pb deposition in coastal sediments and peatbogs from
northern Spain (Kanala salt marsh (Leorri et al., 2014); Chapo de
Lamoso peatbog (Martínez Cortizas et al., 2012)). The 208Pb/206Pb,
208Pb/204Pb, 207Pb/204Pb and 207Pb/206Pb isotopic ratios in LM agree
well with these records before the onset of Industrialization. However,
these ratios do not follow the same trend during the second half of the
19th century (Fig. 6) suggesting a different source driving the increase
in atmospheric Pb deposition in the Southern Central Pyrenees. The
agreement between the Pb isotopic ratios of LM sediments and galena
samples from local galena mines (Parzán and Cierco) between
1860 CE and 1930 CE (Figs. 1 and 7 and Fig. S1) suggests that intensive
large-scale Pb mining activities in the Southern Central Pyrenees
(Camarero et al., 1998; Corella et al., 2017; Nieto-Callen, 1996) also con-
trolled Pb deposition in the area during this period.

Enrichment of cadmiumand zinc are also in agreementwith Pbmin-
ing in the region since these two elements mainly constitute by-
products of lead mining and smelting techniques (Dudka and Adriano,
1997). In these mines, galena was extracted in F-Pb-Zn vein deposits
(Fanlo et al., 1998; Subías et al., 2015) and subsequently smelted in
local and regional kilns emitting large amounts of these elements to
the local atmosphere. Cd and Zn mean enrichment of 1.3 is seen in LM
during Industrialization in agreement with the regional enrichment of
these two elements (Bacardit and Camarero, 2009) while Cd and Zn
show a two-fold increase in LE partially due to magnifying effect of
higher organic deposition and changes in the lake's redox conditions
in themetals enrichments. Therefore, historical Pb production andmet-
allurgy in the area would have emitted significant amounts of these
trace metals to the local atmosphere as reflected in the EFs of these
two metals during this period. Global Pb, Cd and Zn emission invento-
ries (e.g. Nriagu (1979) and references therein) showed reduced emis-
sions of these trace metals compared to the emission rates during the
Great Acceleration also pointing at local mining sources of these trace
metals to explain their highest values in Southern Pyrenees during
this period.

A sharp decline with a return to almost pre-industrial EFs of Zn, Cd
and Pb in both LE and LM and a return towards more radiogenic Pb iso-
topic values in LMoccurred in the 1930s in both LE and LM likely related
to the reduced emissions associated to the economic recession at that
time and the closure of Parzán mines.

The environmental response of the use of leaded gasoline, which
greatly increased since 1950 and contributed to N60% of total emitted
Pb (Schwikowski et al., 2004) is well seen in the three lakes. Neverthe-
less, Pb enrichment factors in LE almost doubled LMmost likely due to
the traffic-induced lead emissions from the highway located 20 km
south of LE. Indeed, road transport has consistently remained the largest
emission source for the period 1955–1995 (von Storch et al., 2003). The
highest Pb enrichment in the late 1980s in the three lakes and the low-
est radioactive isotopes found in LM(Fig. 6) agreeswellwith the highest
lead emissions in Spain with N3000 tons emitted per year (Eurostat,
1998; Pacyna et al., 2007) (Fig. 6). The drastic reduction of Pb deposition
in 2003 to current levels is also most likely related to the total ban of
leaded gasoline in Spain in 2001.

Zinc enrichment associated to atmospheric fall out observed in LE
might also be related to the intensification of the road transport since
this metal was an important additive in the manufacture of the rubber
used in tires during this period (Stigliani et al., 1993). Nevertheless, Zn
correlateswellwith siliciclasticmaterial derived fromerosion of thewa-
tershed (Table S2). Intensive farming activities in LE's watershed con-
trolled catchment erosion and soil loss since the mid-20th century
(López-Vicente et al., 2008) intensifying the delivery of terrigenous
and terrestrial organic compounds to the lacustrine basin (Morellón
et al., 2011). Second generation (post ~1940 CE) Zn-bearing fertilizers
associated to these agricultural practices may have constituted an addi-
tional source of this trace metal to the lake as seen in other similar
karstic lake systems from southern Spain (Valero-Garcés et al., 2006).
Besides these local sources, EFs increase of Pb and Zn during the Great
Acceleration is also in agreement with the boost of their emissions at a
global scale associated with the increase of industrial activities world-
wide (Nriagu, 1979, 1996).

Copper shows the largest enrichment heterogeneity in all the stud-
ied lakes displaying the highest EFs in LB since the Pre-Industrial Period.
The presence of Cu-rich ore deposits close to this lake (Eureka mine,
Fig. 1) suggest historical local mining activities extracting copper re-
sources in the area during the last centuries that were intensified be-
tween 1850 and 1950 CE. Cu EFs does not follow the increasing trend
of Cu global emission inventories between 1950s and 1990s (Nriagu,
1996) suggesting that intrinsic lacustrine factors (ie. redox variability)
may hinder the atmospheric signal. The slight Cu and Zn EFs decrease
seen during the last decades across the Southern Pyrenees (Fig. 6)
agrees well with the reduction in Cu and Zn atmospheric stock attrib-
uted to advances in pollution control technology in production (Rauch
and Pacyna, 2009).

5. Conclusions

Trace metal concentrations and enrichment factors in sediments
from three lakes located across an altitudinal gradient in Southern Cen-
tral Pyrenees (Marboré, Basa de la Mora and Estanya) unravel the his-
tory of metals pollution for the last six centuries in this region.
Intrinsic spatial (location), depositional (sediment focusing) and mor-
phometric (size of the watershed, vegetation cover, lake's surface Vs
depth ratio) characteristics of the lakes influence the lake's ability to re-
cord trace metals atmospheric fall-out episodes in the region. Positive
enrichments of mercury and lead and, in a lesser extent, Cd, Cu and
Zn, in LE and LM have highlighted the environmental impact on alpine
lakes since the advent of industrialization. Local mining and regional
smelting activities in NE Spain are the most likely source of these an-
thropogenic tracemetals between 1840 and 1930. The highest mercury
deposition occurred at ~1890 and ~1960. Mercury anthropogenic en-
richment factor increases correlate well with the raise in Hg production
in Almadén (S Spain) and it is synchronous to high mercury emissions
inferred by models.

High-altitude, pristine LM records most efficiently past regional
long-range atmospheric deposition of trace metals while the enrich-
ment of anthropogenic trace metals in low-elevation LE also respond
to variable biogeochemical processes in the lake (i.e. redox variability
and organic matter deposition) controlled by specific limnological
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features (water depth, morphometry) and local factors (regional cli-
mate variability, local pollution sources due to its proximity to popu-
lated areas and infrastructures). Sediment focusing in LB greatly
reduced the lake sensitiveness to record historical pollution of trace
metals.

The general increasing trend of Hg, Pb and Zn EFs recorded in South-
ern Central Pyrenees correlates fairly well with nearby natural archives
and regional and global emission inventories suggesting a mixed signal
between local and global sources of trace metal pollution.

This study demonstrates the importance of combining multi-trace
elements using different lacustrine settings to discriminate local Vs
regional-scale human-induced environmental changes. We introduce
a note of caution for paleolimnological reconstructions of historical pol-
lution using single archives, since site-specific processes may bias the
pollution signal. The multi-archive strategy carried out in this study re-
sulted in a suitable approach to reconstruct long-term regional air pol-
lution evolution. This paleolimnological approach may also provide a
wealth of environmental information to stake holders to understand
the environmental response to anthropogenic pressure on aquatic eco-
systems aswells as to evaluate the long-term effectiveness of recent en-
vironmental regulations (i.e. trace metal emission controls). In this line,
trace metal enrichments in the studied sites have decreased consider-
ably since 1990s as a consequence of decreased emissions in Europe
and North America. Nevertheless, the persistence of trace metal pollu-
tion overtime led to an environmental legacy affecting the sediment
quality of the lake systems. Thus, the tracemetals stored in these natural
sinks (lake sediments and soils) could be remobilized in a near future
threatening fragile mountain ecosystems. Therefore, understanding
this environmental legacy (i.e. trace metal depositional history in natu-
ral archives from past anthropogenic emissions) should help environ-
mental policy makers to design future “clean air, soil and water”
policies.
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