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� The onset of industrial activity was recorded at around 1810e1850 AD.
� Between 1850 and 1950, coal burning and ore smelting were important sources of Pb.
� From 1930 until 1970’s, leaded gasoline use was the main source of atmospheric Pb.
� Greater metal accumulation rates were found in the southwestern St. Lawrence Valley.
� Implementation of mitigation policies was effective in reducing atmospheric metal emissions.
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a b s t r a c t

The recent history of atmospheric As, Cd, Ni, Pb and Zn deposition and the stable Pb isotope signatures
were reconstructed from short cores collected at three peat bogs along the St. Lawrence Valley (SLV). The
onset of industrial activity was recorded around 1810e1850 AD. As, Cd, Pb and, to a certain extent, Ni
deposition rates reached maxima between 1940 and the early 1970s. Trace metals likely originated from
coal-burning and ore smelting between 1850 and 1950 AD, and were replaced thereafter, at least in the
case of Pb, by the combustion of leaded gasolines until the mid-1980s. Trace metal contents and accu-
mulation rates were greater in the two cores recovered from the southwestern SLV than further
northeast, as expected from their proximity to urban and industrial centers of eastern Canada and the
U.S. Mid-West and the direction of the prevalent winds. A rapid decrease in metal accumulation rates
since the 1970s suggests that mitigation policies were effective in reducing atmospheric metal emissions.
Nevertheless, metal accumulation rates and stable Pb isotope signatures have not yet returned to their
pre-industrial values.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities have affected the global and regional
geochemical cycles of several toxic metals such as Pb, Cd, As, with
potentially important repercussions on ecosystems and adverse
effects on human health (Nriagu and Pacyna,1988). This large-scale
contamination is recorded in various natural archives such as ice
cores, lacustrine and marine sediments, and peat bogs and extends
back, in some instances, several thousand years (Boutron, 1995;
Shotyk et al., 1998).
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Ombrotrophic peatlands (peat bogs) are proving to be valuable
archives of atmospheric trace metal deposition (Bindler, 2006 and
references therein). In peat bogs, the surface vegetation is fed
exclusively by nutrients delivered by wet and dry deposition from
the atmosphere (Damman, 1986), as these are systems isolated
from the influence of groundwater and surface runoff. Assuming
thatmostmetals deposited on the surface of ombrotrophic bogs are
sequestered by living or dead organic matter and are immobile,
peat bogs can be used to reconstruct the history of atmospheric
trace metal deposition.

In contrast to the extensive amount of work carried out in
Europe on the reconstruction of atmospheric metal deposition
using peat bogs (Bindler, 2006 and references therein), few similar
studies have been conducted in North America. Most of the latter
focused either on Hg (Benoit et al., 1998; Givelet et al., 2003; Roos-
Barraclough et al., 2006) or Pb (Kylander et al., 2009; Shotyk and
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Table 1
General features of the study sites.

Site Baie Mirabel Mer Bleue

Mean annual temperature (�C) 1.5 5.0 6.0
Annual precipitations (mm) 1014 1064 943
pH bog water 3.8 3.8 4.0
Depth of peat >4.5 m >6 mb >6 mc

Basal age (yr BP) ca. 4200a ca. 9300b ca. 8500c

Bedrock type Archean
gneisses

Dolomite-sandstoneb Limestones

a Magnan et al. (2011).
b Muller et al. (2003).
c Roulet et al. (2007).
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Krachler, 2010). Nevertheless, a number of studies, using archives
such as lake sediments and soils, were undertaken in eastern North
America, and focused on other metals such as As, Cd and Zn (Kada
and Heit, 1992; Alfaro-De la Torre and Tessier, 2002; Couture et al.,
2008).

The St. Lawrence Valley (SLV) is a natural wind corridor, oriented
from the south-west to the north-east, carrying contaminants from
the mid-western Great Lakes region to the Atlantic Ocean (Fig. 1).
The western portion of the SLV is fairly industrialized and urban-
ized, encompassing the cities of Ottawa and Montreal. A decreasing
gradient of atmospheric deposition away from major metal-
emitting sources, particularly the United States’ NE, is well docu-
mented (Simonetti et al., 2000; Carignan et al., 2002; Evans et al.,
2005). For these reasons, the SLV is appropriate for studies of
long-range trace metal atmospheric transport.

In this study, we reconstruct historical records (focusing on 1800
AD to the present) of the total concentrations and accumulation
rates of As, Cd, Ni, Pb, and Zn based on their analysis in the top
meter of three peat cores collected along the SLV between Ottawa
and Baie-Comeau. 210Pb analyses were combined with radiocarbon
dating to build ageedepth models for each of the peat profiles. In
addition, other metals were analyzed to characterize the trophic
status of the bogs, their mineral matter content, and to identify
processes (redox, bioaccumulation) responsible for metal remobi-
lization. Finally, the stable isotopic composition of the Pb was
determined to identify anthropogenic and natural sources. Deeper
(i.e. older) horizons were also analyzed to constrain the pre-
industrial concentrations, accumulation rates and isotopic ratios.

2. Material and methods

2.1. Study sites

General features of each of the three sampling sites are sum-
marized in Table 1. The Baie peatland (49�040N, 68�140W; 1.5 km2)
is an ombrotrophic complex located 20 km southwest of
Fig. 1. Location of study sites A-Baie, B-Mirabel, and C-Mer Bleue bogs. White stars represen
Baie-Comeau, at the eastern end of the Lower St. Lawrence Estuary
(Fig. 1). More than 4.5 m of peat accumulated over marine-clay
sediments from 4200 yr cal BP (Magnan et al., 2011). A core was
collected on a low hummock dominated by Sphagnum capillifolium
and Sphagnum magellanicum in the bryophyte assemblage, erica-
ceous shrubs (Chamaedaphne calyculata and Kalmia angustifolia L.)
and sparse dwarf Picea mariana.

The Mirabel peatland (45�410N, 74�020W; 2.15 km2) is located
35 km northwest of Montreal in the St. Lawrence lowlands near the
Mirabel international airport (Fig. 1). This bog developed over silty-
clay marine sediments in a former proglacial channel of the
Champlain Sea (Muller et al., 2003). The core was retrieved from a
low hummock in a section dominated by S. capillifolium and Cha-
maedaphne calyculata in association with S. magellanicum, Kalmia
angustifolia and Rhododendron groelandicum (Muller et al., 2003).
Further details about the Mirabel bog can be found in Muller et al.
(2003).

The Mer Bleue bog (45�410N, 75�480W; 28 km2) is a Provincial
Conservation area situated 10 km east of Ottawa (Fig. 1). It devel-
oped ca. 8500 years ago in a postglacial channel carved into
the silty-clay sediments of the Champlain Sea. The selected coring
site, a low hummock, lies in an area dominated by Ericaceae
t coring points, white lines drainage ditch and arrows direction of the prevailing winds.
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(Chamaedaphne calyculata, Ledum groenlandicum, Kalmia angusti-
folia) and Sphagnum mosses mainly S. capillifolium and S. fuscum
(Roulet et al., 2007).

2.2. Coring and sample preparation

One peat core was collected using a serrated, cylindrical 10-cm
i.d., 1-m long PVC pipe at the Mirabel site the core itself was only
62 cm long as it was too difficult to retrieve afterward a full-length
core. The PVC pipe was inserted by pushing and rotating as it cut
though the mosses, leading to minimal compression (w4 cm), and
hence, the retrieved core was judged as suitable for the study. A
stainless steel box corer (8 � 8 � 100 cm) was used at the Baie and
Mer Bleue sites. The cores were cut fresh in the laboratory at 1-cm
intervals using a serrated ceramic knife. The edges (1 cm) of each
slice were trimmed away to avoid contamination by the corer. Bulk
density and ash content (three 1 cm3 subsamples using a plug)
were calculated following Dean (1974). The remaining samples
were freeze-dried and ground using a Pulverisette� agate mortar
grinder.

2.3. Analytical measurements

Powdered peat samples (0.1 g) were acid-digested in two steps
on a hotplate using a mixture of concentrated HNO3 (2 ml) and HF
(0.5 ml) followed by addition of H2O2 (1 ml) after evaporation (Le
Roux and De Vleeschouwer, 2010). After drying, 2% HNO3 was
added to obtain a solution. Metal concentrations were determined
using an Agilent 7500ce Q-ICP-MS (Concordia University, Canada).
Fe concentrations were measured, in the same solutions, using a
Perkin Elmer AAnalyst 100 Flame atomic adsorption spectrometer
(McGill University, Montreal). In both cases, calibration was carried
out using external standards prepared by dilution, in the same
matrix as the samples, of 1000 mg L�1 commercial ICP-MS standards
(SCP Science). The analytical precision and accuracy were deter-
mined by replicate analysis of three certified reference materials
(Apple Leaves NIST 1515, Peach Leaves NIST 1547, Pine Needles NIST
1575A; Table 2).

Stable lead isotopic ratios (204, 206, 207, 208) weremeasured in
the Baie and Mer Bleue cores. Peat samples were acid-digested
(50 mg) in two steps 1) 1 ml HNO3 þ 0.25 ml HF and 2) aqua
regia. Residues were dissolved in 2 ml of 0.8 N HBr prior to chro-
matographic separation by a double elution through anionic ion-
exchange columns (Manhès et al., 1978). Samples were analyzed
with a NU Plasma II MC-ICP-MS (GEOTOP-UQAM, Montreal), as
described by Poirier et al. (2004). Repeated analysis of the NBS-981
(n ¼ 12) standard yielded: 206Pb/204Pb ¼ 16.9380 � 0.0029;
207Pb/204Pb ¼ 15.4945 � 0.0055; 208Pb/204Pb ¼ 36.7087 � 0.0181;
207Pb/206Pb ¼ 0.9148 � 0.0002; 208Pb/206Pb ¼ 2.1672 � 0.0007. Pb
blanks were lower than 150 pg and negligible as they accounted for
less than 0.6% of the total sample concentration.
Table 2
Comparison between reference and measured certified reference material.

Standard Ni Zn

NIST 1515 Reference values 0.91 � 0.12 12
Mean measured values (n ¼ 9) 0.90 � 0.10 11
Reproducibility (%) 90 90

NIST 1547 Reference values 0.69 � 0.09 17
Mean measured values (n ¼ 9) 0.73 � 0.06 18
Reproducibility (%) 91 93

NIST 1575a Reference values 1.47 � 0.1 38
Mean measured values (n ¼ 3) 1.46 � 0.2 39
Reproducibility (%) 89 95
2.4. Chronologies

The activity of 210Pb was determined by measuring the decay of
its granddaughter product 210Po by alpha spectrometry (EGG Ortec
476A) at GEOTOP-UQAM in Montreal. 210Po was extracted from
0.5 g of powdered bulk peat spiked with 209Po following a
sequential HNO3eHCleHFeH2O2 digestion. Further details about
the 210Pb analytical protocol used in this study can be found in Ali
et al. (2008). The constant rate of supply (CRS) model was applied
to calculate the age of the peat layers (Appleby, 2001). The mea-
surement uncertainties (Fig. 2), corresponding to one-sigma, were
calculated from counting statistics. The atmospheric, or unsup-
ported, 210Pb is used to determine the chronology of environmental
records. Supported 210Pb activity, i.e. produced in situ, was esti-
mated by the analysis of deeper samples in each core (Fig. 2) in
order to determine at which depth the unsupported 210Pb was not
present anymore, hence the limit of the dating technique (Le Roux
and Marshall, 2011).

The chronological control of the deeper horizons of the cores is
based on AMS radiocarbon dates from selected plant macrofossils
(Table 3) following the protocol established by Mauquoy et al.
(2004). A total of 12 samples were submitted to the Keck-CCAMS
facility (Irvine, USA) for AMS radiocarbon dating.

All 14C and 210Pb dates were processed in ‘Bacon’, a piece-wise
linear Bayesian model (Blaauw and Christen, 2011), to produce
ageedepth models and age ranges (Fig. 2). The 210Pb and 14C dates
are in good agreement when they overlap.
3. Results

3.1. Chronologies

The activity of unsupported 210Pb approaches zero below 40 cm
in the Baie core and at approximately 50 cm in the Mer Bleue and
Mirabel cores (Fig. 2). The 210Pb inventories of the cores, respec-
tively 3.6 kBq m�2 for Baie, 6.7 kBq m�2 for Mirabel and
4.3 kBq m�2 for Mer Bleue, are as expected based on the average
annual rainfall in each area (Table 1) (Le Roux and Marshall, 2011).
The lower inventory of the Baie core can be explained by its location
on the coast of the St. Lawrence Estuary, as sites located in oceanic
locations tend to have lower inventories (Le Roux and Marshall,
2011). Cores show important differences in peat accumulation
rates over time, as indicated by deviations from the typical expo-
nential decay curves of 210Pb. This is especially noteworthy in the
Mer Bleue core where the presence of two charcoal horizons (42
and 46 cm) suggests that fires could have disrupted the profile. An
important fire occurred in 1870 in the region (Talbot et al., 2010)
and likely corresponds to the 46 cm layer, in which significantly
more and larger fragments (>2 mm) were found. Furthermore,
these charcoals were dated and yielded an age of 1674e1957 cal AD
(Table 3).
As Cd Pb

.5 � 0.3 0.038 � 0.007 0.014 0.47 � 0.024

.8 � 0.5 0.042 � 0.005 0.010 � 0.005 0.47 � 0.061
63 70 88

.9 � 0.4 0.06 � 0.018 0.03 0.87 � 0.03

.6 � 1.0 0.024 � 0.015 0.021 � 0.002 0.86 � 0.09
70 91 90

� 2 0.039 � 0.02 0.233 � 0.04 0.167 � 0.015
� 2 0.046 � 0.02 0.221 � 0.08 0.143 � 0.029

97 86 91
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For the past 200 years, the Mirabel and Mer Bleue cores show
higher peat accumulation rates (0.24 and 0.29 cmyr�1 respectively)
than the Baie bog (0.19 cm yr�1). Nevertheless, when considering
the whole length of the peat cores, the net accumulation rate over
the last millennium is higher in the Baie bog (0.09 cmyr�1) than the
Mer Bleue bog (0.06 cm yr�1). As shown in this study (Fig. 2) and
the one undertaken by Magnan et al. (2011) accumulation rates in
the Baie core are nearly invariant (Fig. 2), while in Mer Bleue, a
reduction in the peat accumulation rates is observed between 60
and 90 cm (from an average of 0.35 to 0.02 cm yr�1).

3.2. Trophic status of the peatland sites

Peatlands must be ombrotrophic to be reliable archives of at-
mospheric trace metal deposition, i.e. the only source of nutrients
should come from atmospheric deposition. In the three cores, the
plant remains are typical of ombrotrophic peatlands (Sphagnum spp.
and/or Ericaceous stems and rootlets) as is the pH of bog waters
(Table 1). The ash content at each site is usually lower than 4%
(Supplementary data Fig. SD1), and the low Sr (<20 mg g�1) and Ca
(<4000 mg g�1 or 0.4%) concentrations are all characteristic of
Table 3
Results of 14C AMS measurements, calibrations and description of samples.

Site Depth (cm) Laboratory number 14C age (BP)

Baie 32e33 UCIAMS-102304 70 � 20
46e47 UCIAMS-107370 170 � 15
59e60 UCIAMS-107371 305 � 15
72e73 UCIAMS-102305 455 � 20
96e97 UCIAMS-102306 1065 � 20

Mer Bleue 46e47 UCIAMS-102301 135 � 20
56e57 UCIAMS-107372 �600 � 15a

63e64 UCIAMS-107373 235 � 15
72e73 UCIAMS-102302 865 � 25
89e90 UCIAMS-102303 1445 � 20

Mirabel 44e45 UCIAMS-102307 165 � 20
48e49 UCIAMS-107374 140 � 20

a Date rejected: contains excess 14C, probably from sample contamination.
ombrotrophic bogs (Shotyk et al., 2001). In comparison, concen-
trations in underlying sediments greater than 1% for Ca and
150 mg g�1 for Srwere observed in Baie (Pratte S., not published) and
Mer Bleue (Richard P.J.H., personal communication) respectively.
Peaks in ash, bulk density and lithogenic elements (Sc and Ti) are
present and ascribed to decreased peat accumulation rates,
increased peat decomposition or fires rather than a minerogenic
origin (Fig. SD1). Taken together, the geochemical and vegetation
data confirm that the accumulatedmetals are of atmospheric origin.

3.3. Element concentration profiles

Lead concentrations are lowest at the top and bottom of the
cores, but the former are generally one order of magnitude higher
than the latter (pre-industrial) (Fig. 3). Maximum Pb concentra-
tions are found at intermediate depths, but their location and
assigned chronologies differ in each core. Nevertheless, the in-
crease in Pb concentrations in each core is coincident with the
beginning of the 19th century. The arsenic and cadmium maxima
are found around the same depth as those of Pb. The nickel con-
centration profile exhibits high variability in the Baie core, but is
2s range (cal yr AD) Material dated

1696e1918 Sphagnum spp. stems
1667e1950 Sphagnum spp. stems, branches and leaves
1520e1644 Sphagnum spp. stems
1423e1453 Charcoals, charred Picea needles
898e1019 Sphagnum spp. stems

1674e1957 Charcoals, charred Picea needles, Ericacea leaves
Sphagnum spp. stems, branches and leaves

1630e1815 Sphagnum spp. stems
1061e1250 Sphagnum spp. stems
593e664 Sphagnum spp. stems

1666e1953 Charcoals, charred Picea needles
1671e1942 Sphagnum spp. stems
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Fig. 3. Vertical profiles of Pb, As, Cd, Ni and Zn concentrations in the Baie (A), Mirabel (B) and Mer Bleue (C) cores.

Table 4
Average pre-industrial accumulation rates and 206Pb/207Pb ratios for Baie and Mer
Bleue cores.

Accumulation rates
(mg m�2 yr�1)

Baie bog
(n ¼ 13)

Mer Bleue bog
(n ¼ 6)

As 0.007 0.007
Cd 0.004 0.003
Ni 0.06 0.01
Pb 0.03 0.01
Zn 0.57 0.24

206Pb/207Pb 1.186 1.215
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similar to the other elements (Pb, As, Cd) in the Mirabel and Mer
Bleue cores. Zinc concentration profiles differ significantly between
sites displaying high variability in the Baie core (10e40 mg g�1),
surface enrichment in the Mirabel core (295 mg g�1 at 0.5 cm) and
similarities with those of othermetals in theMer Bleue core (higher
concentrations between 20 and 60 cm). With the exception of Pb,
metal concentrations are generally higher in the Mer Bleue and
Mirabel cores than in the Baie core.

3.4. Accumulation rates

Based on the age models, density and concentration measure-
ments, metal accumulation rates (mg m�2 yr�1), as surrogate es-
timates of the atmospheric deposition rates, were calculated. The
use of accumulation rates (AR) instead of concentrations or
enrichment factors is more appropriate, as variations in net peat
accumulation and humification are taken into account and, hence,
allows for a direct comparison of the three core records. Pre-
industrial ARs are far lower than those in the recent peat layers
(Table 4). Lead ARs increase to 0.1 mg m�2 yr�1 from the beginning
of the 17th century. Metal accumulation rates increase from 1800 to
1850 in the three cores (Fig. 4). The ARs in the Mirabel and Mer
Bleue cores display a double peak, i.e. a large increase in the 1940’s
and a second stronger peak in the late 1960’s to early 1970’s. The AR
maxima in the 1940’s are generally of the same magnitude at the
two sites whereas the second peak in the Mer Bleue core is higher
for all metals. With the exception of Pb, metal ARs are generally
more than one order of magnitude lower in the Baie core and, thus,
patterns are not readily discernible and will be further discussed
later. The Baie core shows a broad Pb peak spanning from 1951 AD
to 1961 AD (24.4 and 21.9 mg m�2 yr�1). In the Mirabel core, the Zn
ARs are maximum at the surface (64.2 mg m�2 yr�1).

3.5. Metal inventories

We also investigated the total cumulative inventories of the
different trace elements (Table 5) to the depth of supported 210Pb
(Shotyk et al., 2000). Metal inventories are generally higher in the
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Table 5
Cumulative inventories of 210Pb, As, Cd, Ni, Pb and Zn in the three cores and from other

Inventories 210Pb (kBq m�2) As (mg m�2)

Baie bog 3.6 20
Mirabel bog 6.7 60
Mer Bleue bog 5.5 50
Big Heath. Mainea 7.7
Store Mosse (110 yr)a

Misten bog, Belgiumb 4.3e6.7
Étang de la Gruère, Switzerlandc

a Bindler et al. (2004).
b Allan et al. (2013).
c Shotyk et al. (2000).
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Mirabel and Mer Bleue cores than in the Baie core. Lead inventories
are of the same order as the Big Heat bog, inMaine, and StoreMosse
in Sweden (Bindler et al., 2004), but are about half the inventory of
Etang de la Gruère in Switzerland (Shotyk et al., 2000). Nickel, zinc
and lead inventories are between 2 and 10 times lower than those
in the Misten bog, Belgium which lies close to a PbeZn ore deposit
(Table 5).

3.6. Stable lead isotopes

Temporal variation of 206Pb/207Pb since 1800 AD in the Baie
and Mer Bleue cores are shown in Fig. 4. The 206Pb/207Pb ratios
are presented here as other ratios (206Pb/204Pb, 207Pb/204Pb,
208Pb/204Pb; Tables SD2 and SD3) exhibit similar patterns. The Baie
core displays highly variable Pb isotopic ratios (206Pb/207Pb¼ 1.168e
1.206) between 35 and 95 cm depth with a minimum of 1.168 at
75 cm and its most radiogenic value at 55 cm (206Pb/207Pb¼ 1.206).
Since the mid-19th century, the Pb isotopic ratios have shifted to-
wards lower values until 1965 when they start increasing slightly.
This latter shift in isotopic values can likely be explained by the start
of industrial activities and will be further discussed later. The stable
Pb isotopic ratios in the Mer Bleue core are less variable than in the
Baie core. Samples from between 75 and 90 cm depth yielded the
most radiogenic ratios (206Pb/207Pb ¼ 1.213e1.216). During the past
two centuries, 206Pb/207Pb values in the Mer Bleue core display a
similar pattern as in the Baie core with ratios being slightly more
radiogenic (1.178 vs. 1.165).

4. Discussion

4.1. Lead and stable lead isotopes

Pb has been shown to be immobile in peat bogs and thus pro-
vides a faithful historical record of its atmospheric deposition
(Shotyk et al., 1998; Vile et al., 1999). It is probably fair to assume
that the nearly constant Pb concentrations (Fig. 3), accumulation
rates (Fig. 4) and 206Pb/207Pb values (Table SD2) at the bottom of the
Mer Bleue core (below 75 cm; w1100 cal AD) are representative of
the natural background values (Table 4). The isotopic composition
falls within the range of values reported for other North American
sites (206Pb/207Pb ¼ 1.19e1.22; Gallon et al., 2005; Kylander et al.,
2009) and the continental crust (206Pb/207Pb w 1.21; Taylor
and McLennan, 1995). The higher variability of the 206Pb/207Pb
values at the bottom (beyondw50 cm) of the Baie core (Table SD1)
probably reflect a mixture of North American dust and a contri-
bution from the Canadian Shield (0.93e1.08) (Kylander et al., 2009).

The increase in Pb concentrations and accumulation rates are
nearly synchronous between the three study sites (Figs. 3 and 4).
Based on the Pb AR (Fig. 4) and stable Pb isotope profiles (Fig. 4),
lead pollution through industrialization is first detectable in ca.
studies.

Cd (mg m�2) Ni (mg m�2) Zn (g m�2) Pb (g m�2)

0.4 10 0.43 0.96
20 30 1.12 1.4
10 30 0.57 0.77
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90e121 2.7e2.9 4.6e7.8
2.1
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1810 AD in the Mer Bleue core and ca. 1860 AD in the Baie core.
Both dates are in good agreement with other records derived from
peat bogs and lake sediments collected in eastern North America
that assign the onset of local industrialization between 1800 and
1885 AD (Gallon et al., 2005; Graney et al., 1995; Kylander et al.,
2009; Shotyk and Krachler, 2010). The Pb AR peak observed
around the mid-1960’s in the three cores is consistent with results
of other studies carried out in the region (1960e1975 AD; Gallon
et al., 2005; Kylander et al., 2009; Shotyk and Krachler, 2010). The
first Pb AR peak dated at 1940’s in the Mirabel and Mer Bleue
cores has not been identified in previous studies. Coal burning in
the U.S. and Canada was proposed as the main source of atmo-
spheric Pb in the 1920’s and as an important source in the late
1940’s to early 1950’s (Gallon et al., 2005; Givelet et al., 2003;
Graney et al., 1995). This would be consistent with the presence
of a broad Pb AR peak between 1951 and 1961 in the Baie core
(Fig. 4). Alternatively, the source of atmospheric Pb during that
period may also be local since industrial development (aluminum
smelter, maritime harbor construction, pulp and paper industry
installation, mining, etc.), mainly between 1940 and 1970, in the
vicinity of Baie-Comeau roughly started at that time. Neverthe-
less, no significant variation in the stable Pb is observed for this
period.

The impact of leaded gasoline emissions on the 206Pb/207Pb
values is clearly visible since the 1920’s in both our cores (Fig. 4),
with values remaining relatively constant until the 1970’s. The
206Pb/207Pb increases slightly after leaded gasolines were gradually
phased-out (1976 AD), but remains far from pre-industrial values.
Shotyk and Krachler (2010) obtained a similar record from a bog
core taken in central Ontario and attributed the post-1975 varia-
tions to the proportionally growing importance of other industrial
processes, such as metal smelting and refining (specifically the
Noranda smelter), which release less radiogenic Pb to the atmo-
sphere (206Pb/207Pb ¼ 1.12 and 1.10 in 1984 and 1986 respectively;
Sturges and Barrie, 1989). Resuspension of Pb-enriched particles
(originally deposited during the lead gasoline period) has been
suggested to contribute to the present isotopic signature of aero-
sols in Europe (Cloquet et al., 2006) and could provide another
explanation for the Pb signatures obtained in the post-1975
samples.
4.2. Other metals

Given the similarities of the As and Cd profiles with Pb (Fig. 3)
and despite the differences in their geochemical behaviors, it would
appear that the As and Cd records were unaffected by post-
depositional remobilization and that these cores can be used as
reliable archives of atmospheric As and Cd deposition. Cloy et al.
(2009) suggests that As can bind to amino, sulfhydryl, carboxylic
and phenolic groups of humic substances and that As adsorption
onto Fe oxides is limited by competitionwith organic matter. Based
on the interpretation of lacustrine sedimentary records, atmo-
spheric deposition of anthropogenic As (Lac Tantaré near Quebec
City) was found to start around 1850 AD and peaked during the
1950’s (Couture et al., 2008). The peak in As deposition was
correlated to polycyclic aromatic hydrocarbon (PAH) accumulation
and attributed to coal burning which peaked during the middle of
the 20th century (Couture et al., 2008). Likewise, our cores display
an increase in the As AR at 1850e1900 AD (Fig. 4), but two AR peaks
appear in the Mirabel andMer Bleue cores atw1940 AD and 1960e
1970 AD. These two peaks can reasonably be ascribed to coal
burning as they correspond with peaks in north-eastern North
America coal consumption (Graney et al., 1995). Mirabel and Mer
Bleue are located in agricultural regions. Hence, another potential
source for As could be agricultural activities, as As was used in
pesticides throughout the 20th century and has been progressively
phased-out since the 1970’s (Wang and Mulligan, 2006). Arsenic
accumulation rates in the Baie core do not reflect any particular
pattern, with a maximum in 1915e1925.

The onset of important anthropogenic Cd pollution dates back to
1850e1900 AD, depending on the site (Fig. 4). An increase in Cd
deposition rates starting around 1850e1880 AD and peaks between
themid-1960’s tomid-1970’s have been reported in earlier regional
studies (Alfaro-De la Torre and Tessier, 2002; Boutron,1995; Norton
et al., 2007). Like Pb and As, the Cd ARs in the Mer Bleue and
Mirabel cores display two peaks dated at w1940 AD and the mid-
60’s (Fig. 4). Coal burning could also explain the presence of these
peaks in our cores as they correspond with increases in con-
sumption in the north-eastern North America. Like As, Cd could
also originate from agricultural activities since it was used in
fertilizers.

The Zn surface enrichment observed in the three cores (Fig. 3)
likely results from bioaccumulation by living plants. This process
has been reported in a number of other studies (Livett et al., 1979;
Rausch et al., 2005). Consequently, an historical reconstruction of
atmospheric Zn deposition is more tenuous, yet the Zn AR at the
three sites are high enough that we can confidently state that a
significant amount of anthropogenic Zn was deposited. Zinc AR
increased by 10e80 fold between 1850 and 1970. from less than 1
to 17e78 mg m�2 yr�1 in the Mirabel and Mer Bleue cores. In
comparison, a polluted bog record from Belgium yielded accu-
mulation rates of 70 to more than 100 mg m�2 yr�1 (Allan et al.,
2013).

The Ni AR through time clearly shows remobilization in the Baie
core (Fig. 4), as multiple peaks are present and cannot be attributed
to any known distant or local source. Ni is known to be remobilized
by redox processes (Rausch et al., 2005). Nevertheless, the AR
profiles in the two other cores (Fig. 4) are very similar to those of As,
Cd and Pb, implying that they probably reflect the same source
function(s).

In comparison, metal concentrations in Greenland ice and snow
cores, which record long-distance pollution, are maximum in the
1970’s and on the order of 100, 200 and 2 pg g�1 for Pb, Zn and Cd
respectively (Boutron, 1995). Véron et al. (1987) reported Pb con-
centrations of 15.0e21.0 ug g�1 in surface sediments from the
North-east Atlantic.
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4.3. Source of the lead and other metals

We compare our three atmospheric trace metal deposition and
lead isotope records to determine if metals originated from a
common source. The increases in the AR of As, Cd, Pb and, to a
certain extent, Ni are reasonably coincident in the Mirabel and Mer
Bleue cores (Fig. 4). The trace metal AR peaks recorded at w1940
AD may reflect input from coal burning and smelting activities as
they constituted important sources of the targeted metals at the
time (Nriagu and Pacyna, 1988). Based on PAH profiles in a sedi-
ment core recovered from a Canadian Shield Lake, Gallon et al.
(2005) attributed the Pb emissions in the first half of the 20th
century to coal burning. At the same site and over the same period,
coal burning was identified as the predominant source of As
(Couture et al., 2008). This event, however, is not recorded in the
206Pb/207Pb (Fig. 4) profile of the Mer Bleue or Baie cores, nor is a
trace metal peak observed at that time in the Baie core.

To visually determine the relative contribution of various sour-
ces of atmospheric Pb deposition in the Baie and Mer Bleue area, all
samples and relevant end-members were plotted on a 206Pb/207Pb
vs. 208Pb/204Pb diagram in Fig. 5. Lead isotopic signatures for North
American coals (Chow and Earl, 1972), the Bathurst and Mississippi
Valley ores (the main Pb additives in Canadian and U.S. gasolines
respectively (Sangster et al., 2000; Sturges and Barrie, 1987)) were
included. Abitibi ore values were also included as a proxy of smelter
emissions (Simonetti et al., 2004). For comparison, signatures in
lichens from the St. Lawrence Valley and the U.S. were also plotted
(Carignan et al., 2002). Taken together, these sources compose the
Canadian and US aerosols values included in Fig. 5. Many of the
potential Pb sources, including natural sources, fall within a similar
range of values. In both cores, isotope ratios are shifted towards less
radiogenic values with a “transition” predating the introduction of
leaded gasoline in 1923 in North America. Asmentioned previously,
coal burning was found to be the most important source of Pb
between 1850 and 1920 AD (Graney et al., 1995). Furthermore,
smelting activities likely contribute to the less radiogenic compo-
sitions as two important smelters (Noranda and Sudbury) were
started up at the beginning of the 20th century. Samples from the
Baie core plot closer to the Canadian aerosol values than those from
the Mer Bleue core.

Apportionment of various sources of Pb for the period spanning
from 1960 to 1980 was made using the following 206Pb/207Pb end-
member values: Canadian emission ¼ 1.151, U.S. emissions ¼ 1.217
(Sturges and Barrie, 1987, 1989; Gallon et al., 2005), natural
background ¼ 1.215 and 1.186 for Mer Bleue and Baie respectively.
For comparison purposes, the calculations were also done with a
value of 1.203 for U.S. atmospheric Pb, as used by Carignan et al.
(2002). The relative contribution of each of these sources was
calculated using a simple linear mixing equation:

F1 þ F2 þ F3 ¼ 1 (1)

Ri1*F1 þ Ri2*F2 þ Ri3*F3 ¼ Rimeasured (2)

where Ri are the 206Pb/207Pb ratios, and F1, F2, F3 are the fraction of
the three end-member Pb sources. During this period, the contri-
bution of natural relative to anthropogenic sources of Pb is
considered negligible given its pre-industrial values (Table 4). From
the 1960’s, Mississippi Valley sulfide ores (Missouri, Iowa) were a
major source of Pb in gasoline additives in the U.S. with minor
contributions from Mexican and Peruvian ores (Sturges and Barrie,
1987; Sangster et al., 2000), whereas the Bathurst (New Brunswick)
deposits were the main source of lead for the additive in Canadian
gasolines (Sturges and Barrie, 1987). Following the phase out of
leaded gasolines starting in 1976, the decrease in gasoline-lead
contribution to atmospheric Pb relative to other emergent indus-
trial sources (Bollhöfer and Rosman, 2002) as well as the use of a
greater variety of Pb sources for the former, including recycled Pb,
renders the quantification of U.S. and Canada Pb deposition more
difficult. Therefore, no attempt to calculate the relative contribu-
tions of Pb sources wasmade beyond 1980. The relative proportions
of the various sources (taking into account both assigned values for
the U.S. Pb), for the period 1960 to 1980, reveal that 40e54% and
18e35% of the anthropogenic lead in the Mer Bleue and Baie cores
respectively, originated from U.S. aerosols. In comparison, Sturges
and Barrie (1987) estimated that between 24% and 43% of the Pb
in atmospheric aerosols collected at Dorset (Ontario) in 1984 and
1986 originated from the U.S., whereas Carignan et al. (2002) re-
ported U.S. contributions of approximately 60% in epiphytic lichens
collected in the St. Lawrence Valley between 1990 and 1994. The
apportionment calculations show that more atmospheric Pb orig-
inating from the U.S. was deposited in the Mer Bleue core than in
the Baie core between 1960 and 1976. A similar decreasing
contribution from U.S. aerosols away from the U.S. north-east along
the St. Lawrence Valley was reported in other studies (Carignan
et al., 2002; Simonetti et al., 2000).

Identifying the origin of the targeted metals in our study area is
difficult given the large number of potential industrial sources in
the Great Lakes and St. Lawrence Valley region. The discrepancies
between sites, mainly between the Baie and the two other cores
(Mirabel and Mer Bleue), could be ascribed to the accuracy of the
ageedepth models or distance from the sources (discussed in the
next paragraph). The use of a single core per site limits the repre-
sentativeness of the records for the whole bogs as variations in
vegetation and micro-topography could affect the capture and
retention efficiency of atmospheric depositions (Bindler et al.,
2004; Allan et al., 2013). Nevertheless, the similarities in the re-
cords from Mer Bleue and Mirabel bogs suggest that the two cores
are representative of the regional trends in atmospheric tracemetal
deposition. Although no other geochemical record are available
from the Baie bog, a core collected on another lawn located about
500 m from our coring site also reached supported Pb activities by
w40 cm depth and yielded a similar 210Pb inventory (N. Sanderson,
not published).

The higher metal AR and inventories in the two southwestern
cores, and the greater proportion of U.S. Pb in the Mer Bleue core
(Section 4.1), can be explained by their proximity to urban centers,
the more industrialized areas of the St. Lawrence and Ottawa Val-
leys, and the U.S. Mid-West and Great Lakes region. These results
highlight the importance of cross-border transport of Pb, and likely
other metals, from the U.S. Mid-West to the Canadian east coast.
The majority of metal bearing particles likely settled before
reaching the Baie bog located 600 km to the northeast of the Mir-
abel bog, explaining the lower metal ARs. The decrease in atmo-
spheric metal deposition rates starting in the early 1970’s, as
revealed by the sharp decrease in trace metal ARs (Fig. 4) in the
three cores, is well documented (Boutron, 1995; Gallon et al., 2005;
Shotyk and Krachler, 2010) and reflects the efficiency of the
implementation of various mitigation policies during this period
(phasing-out of leaded gasolines (1976), Clean Air Act (1970),
Convention on Long-range Transboundary Air Pollution (1979), US-
Canada Air Quality Agreement (1991) etc.).

5. Conclusion

The history of trace metal deposition along the St. Lawrence
Valley (SLV) was reconstructed using cores from three different
peat bogs. Metal ARs and Pb isotopic compositions were used to
identify the impact and trends in anthropogenic activities since the
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beginning of the Industrial Revolution at ca. 1810e1850 AD. Coal-
burning and metal-ore smelting and refining were important
sources of atmospheric trace metal pollution between 1850 and
1950 AD and, for Pb, were gradually supplanted by the use of leaded
gasolines from 1923 until their progressive phasing-out in 1976 AD.
The two cores recovered at the southwestern end of the SLV have
much higher trace metal concentrations (and AR) than the one
collected in the north-eastern part of the valley, as expected given
the direction (ENE) of predominant winds and their proximity to
large urban and industrial centers of the St. Lawrence and Ottawa
Valleys and U.S. Mid-West. Hence, the three cores recorded mainly
the metal deposition from regional sources (U.S. Mid-West, Great
Lakes and St. Lawrence Valley) brought by long-range transport
(>1000 km) of contaminants, with potentially some weaker local
(<50 km) contributions. Although themetal accumulation rates are
still one order of magnitude higher than pre-industrial levels, a
significant decrease in deposition rates since the mid-1960’s shows
that mitigation policies have been effective in reducing atmo-
spheric trace metal emissions.
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