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ABSTRACT: Environmental regulations on mercury (Hg)
emissions and associated ecosystem restoration are closely
linked to what Hg levels we consider natural. It is widely
accepted that atmospheric Hg deposition has increased by a
factor 3 ± 1 since preindustrial times. However, no long-term
historical records of actual atmospheric gaseous elemental Hg
(GEM) concentrations exist. In this study we report Hg stable
isotope signatures in Pyrenean peat records (southwestern
Europe) that are used as tracers of Hg deposition pathway
(Δ200Hg, wet vs dry Hg deposition) and atmospheric Hg
sources and cycling (δ202Hg, Δ199Hg). By anchoring peat-
derived GEM dry deposition to modern atmospheric GEM
levels we are able to reconstruct the first millennial-scale
atmospheric GEM concentration record. Reconstructed GEM levels from 1970 to 2010 agree with monitoring data, and
maximum 20th century GEM levels of 3.9 ± 0.5 ng m−3 were 15 ± 4 times the natural Holocene background of
0.27 ± 0.11 ng m−3. We suggest that a −0.7‰ shift in δ202Hg during the medieval and Renaissance periods is caused by
deforestation and associated biomass burning Hg emissions. Our findings suggest therefore that human impacts on the global
mercury cycle are subtler and substantially larger than currently thought.

■ INTRODUCTION

The UNEP Minamata Convention aims at mitigating future
human mercury exposure and restoring ecosystem mercury
levels on a global scale.1 Its success, by means of appropriate
environmental regulations, depends in part on our perception
of what environmental levels of mercury we consider natural.
The historical impact of natural and anthropogenic atmospheric
Hg emissions on deposition has been investigated using
environmental archives such as ice cores,2,3 lake sediments,4−6

and peat bogs,7−9 but also by numerical modeling.10,11 Hg
emissions, predominantly in the long-lived gaseous elemental
Hg (GEM) form are slowly oxidized to more reactive divalent
Hg species12 that readily deposit to marine and terrestrial
ecosystems.13−15 On the basis of shallow lake sediment archives
it is widely accepted that atmospheric Hg deposition has
increased by a factor 3 ± 1 since preindustrial times.5,13 Deeper
lake sediment and peat archives probing the Holocene suggest a
more pronounced increase in Hg deposition from prelarge scale
mining times to present times by a factor of 17 to 27,
respectively.11 A global Hg box model also suggests large
enrichment in atmospheric Hg, ranging from a factor 6 to 19

across different uncertainty scenarios.11 In addition to the
debate on historical Hg deposition, trends in Hg deposition
may have a complex relationship to trends in atmospheric
mercury concentrations and ultimately to atmospheric Hg
emissions due to (i) the various forms of atmospheric Hg that
may deposit, and (ii) the modulating effect of Hg′s residence
times in the atmosphere, oceans and critical zone.11,16 Past
atmospheric mercury concentrations have thus far only been
assessed by atmospheric monitoring since the 1970s17 and from
glacier firn records ranging back to the 1940s.18 Both show a 2-
fold decline since the 1970s.
Both sediment and peat bog records of past Hg deposition

have long been thought to reflect Hg from wet deposition,8,19

with an additional influence of the watershed in the case of lake
sediments. We recently examined the Hg isotope compositions
of GEM and rainfall Hg at the ombrotrophic Pinet peat bog
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(French Pyrenees) and compared them to living sphagnum
moss and recently accumulated peat layers at Pinet.20 A Hg
isotope mass balance showed that Pinet sphagnum moss
receives 80% of atmospheric Hg deposition by GEM
sequestration (i.e., dry deposition, via a foliar uptake
mechanism), and only 20% by wet deposition. We concluded
that ombrotrophic sphagnum peat bogs are therefore potential
archives of GEM dry deposition and of past GEM
concentrations. Here we investigate for the first time the
temporal evolution of GEM dry deposition, Hg wet deposition,
and atmospheric GEM concentrations over the past 10 000
years using three cores from the Pinet peat bog and an
additional core from Estibere peatland in the French Pyrenees
(Figure S1 of the Supporting Information, SI).

■ METHODS
Study Sites. The Pinet peat bog (42.85°N, 1.97°E, 880 m

a.s.l.) is located in the French Pyrenees (Figure S1). It is a 5 m-
deep Sphagnum peat bog representing 10 000 years of peat
accumulation. Annual precipitation in the area is 1161 mm
(average for the period 2010−2014). The surface of the peat
bog is at present sparsely covered by pine trees. Three 5 m-
deep peat cores were sampled within a 10 m-radius in
September 2010 using Wardenaar and Russian corers. An
additional 72 cm-deep Wardenaar core was sampled in 2011
from the high altitude Estibere peatland (42.83°N, 0.17°E,
2120 m a.s.l.). Estibere is a minerotrophic sphagnum peatland
located 150 km west to the Pinet peat bog (Figure S1). Both
study sites are located in rural areas, far from any mine or
industrial emission sources (>15 km).
Sample Preparation. Samples were prepared following

Givelet et al.21 and Le Roux and De Vleeschouwer.22 The
frozen peat cores were cut at 1 cm-resolution using a stainless
steel band-saw. The edges of the samples were removed to
avoid possible contamination during coring and storage, and
kept frozen. Prior to analyses, peat samples were freeze-dried to
avoid any loss of Hg. Pictures of every sample were taken and
analyzed with ImageJ software in order to determine the surface
of each slice and the thickness was measured. This method was
chosen to precisely determine volume and density of samples,
which is required to calculate Hg accumulation rates (HgAR).
Age Dating. 210Pb, 137Cs, and 241Am activities were

determined in 80 samples from the 3 Pinet peat cores and in
14 samples from the single Estibere peat core using the low-
background gamma-spectrometers at the LAFARA under-
ground laboratory of the Midi-Pyrenees Observatory23 (Tables
S1−S4 and Figures S2 and S3). The 210Pb chronology for the
last ∼150 years was reconstructed assuming a constant rate of
supply (CRS model).24 Dating results are presented in detail in
the SI (and Figures S4).
Six samples from Pinet core A were dated by the radiocarbon

bomb pulse method. Sphagnum macrofossils (stem or leaves)
were selected and measurements were done at the Laboratoire
de Mesure du Carbone 14 (LMC14). Results are in good
agreement with the 210Pb CRS model (Figure S4) suggesting
that both 210Pb, and consequently Hg, were immobile.
Selected samples from the Pinet peat bog were measured for

Pb stable isotope composition to validate the chronology
inferred from 210Pb CRS model (see Figures S5 and S6). A
100 mg aliquot of peat sample was digested using HNO3/HF
mixture and H2O2.

22 They were then analyzed for Pb stable
isotope composition using high resolution ICP-MS (Thermo-
Element XR) at the Midi-Pyrenees Observatory (Toulouse,

France). Multiple analyses of a peat SRM (NIMT) prepared
following the same protocol were used to estimate the
reproducibility of the method. We found 206Pb/207Pb ratio of
1.176 ± 0.002 and 208Pb/206Pb of 2.094 ± 0.004 (1σ, n = 23),
in good agreement with previous measurements.25

On the basis of eight conventional 14C radiocarbon dates for
the Pinet peat core and one radiocarbon date for the Estibere
core, the ages of peat layers predating the industrial period were
determined, including the early Holocene (Figure S7).

Hg Concentration Analyses. Total Hg concentrations in
all peat samples (n = 342, 407, 377, and 51 for cores A, B, and
C from the Pinet peat bog and the core from Estibere peatland,
respectively) were measured by atomic absorption spectropho-
tometry (AAS) using a Milestone DMA-80. The instrument
was calibrated with coal and lichen standard reference materials
(SRMs NIST 1632d, NIST 2685b, and BCR 482). During
analyses, coal or peat SRMs (NIST1632d, NIST2685b, NIMT)
were measured every 15 samples to check the calibration, and
procedural blanks were measured every 5 samples. NIST1632d,
NIST2685b, and NIMT Hg concentration were 91.6 ± 8.2 ng
g−1 (1σ, n = 112), 144.7 ± 10.5 ng g−1 (1σ, n = 73), and 157.9
± 8.3 ng g−1 (1σ, n = 22) respectively, for certified values of
92.8 ± 3.3, 146.2 ± 10.6, and 164 ± 20 ng g−1. Duplicate Hg
measurements were made on selected samples to assess
reproducibility of the analyses (maximum of 10% variability
for all duplicated samples).

Hg Extraction and Isotope Measurement. Selected peat
samples were analyzed for Hg isotopic composition. The
extraction procedure is detailed in Sun et al.26 and briefly
summarized here. A sample aliquot of 0.3 to 5 g was weighed
and placed in a dual tube-furnace setup under a 25 mL min−1

flow of Hg-free oxygen. The volatile sample combustion
products, including gaseous Hg were transported from the first
furnace into a second decomposition furnace kept at 1000 °C
and then bubbled through a 40 vol % HNO3/HCl (2:1)
solution to oxidize and quantitatively trap gaseous Hg. The
solutions were then diluted to 20 vol % acidity prior to isotopic
composition analysis by cold vapor multicollector inductively
coupled plasma mass spectrometry (CV-MC-ICPMS) at the
Midi-Pyrenees Observatory (Toulouse, France). Hg recovery in
the solutions ranged from 80 to 110%.
Measured Hg isotope ratios were corrected for instrumental

mass bias by bracketing samples with the NIST SRM3133
standard. Delta values are expressed in permil (‰):27

δ = − ×
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To quantify MIF, Δ-notation is used, and is the difference
between the δ-value measured and the theoretical δ-value
defined by mass-dependent fractionation:

δ β δΔ = − ×Hg Hg Hgxxx xxx
sample

202
sample (2)

where β-values are 0.252, 0.502, 0.752, and 1.493 for isotopes
199, 200, 201, and 204, respectively, according to the kinetic
MDF law.27 Long-term expanded analytical uncertainties were
assessed by replicate analyses of UM-Almaden and ETH Fluka
SRMs. UM-Almaden displayed δ202Hg of −0.57 ± 0.06 ‰,
Δ199Hg of −0.03 ± 0.04 ‰, and Δ200Hg of 0.00 ± 0.04 ‰
(1σ, n = 46), and Fluka had δ202Hg of −1.43 ± 0.07‰, Δ199Hg
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of 0.08 ± 0.03 ‰, and Δ200Hg of 0.03 ± 0.04 ‰ (1σ, n = 57).
Procedural control SRMs NIST1632d (coal, n = 17),
NIST2685b (coal, n = 7), and BCR482 (lichen, n = 5) were
prepared following the same protocol as peat samples and
yielded results with 2σ of 0.16 ‰ on δ202Hg, 0.06 ‰ on
Δ199Hg. Every sample was measured for Hg isotopic
composition in duplicate. Additional measurements were
made when duplicate results exceeded 2σ of procedural
standards. Results are presented in Tables S5−S8.
Total HgAR Calculation and Mastercore Construction.

Total HgAR was calculated for Estibere peat core using the
following formula:

=
× ×c

HgAR
(Hg) thickness density

dttotal (3)

where c(Hg), thickness, and density correspond to Hg
concentration, thickness, and density of a peat sample, and dt
is the age interval represented by this sample.
For the Pinet record, the three peat cores were combined to

obtain a single record (see Figure S8).
Enrichment Factor Nomenclature. In discussing HgAR,

and Hg enrichment factors (EF) we adopt the recent
nomenclature by Amos et al.11 who reviewed peat and
sediment records of Hg. The considered periods are modern
times (1990−present), extended 20th century maximum
(20Cmax, i.e., the prolonged period of maximum HgAR),
preindustrial (1760−1880 CE), prelarge scale mining (<1550
CE). The following associated enrichment factors are
discussed: EFpreind = 20Cmax HgAR/preindustrial HgAR;
EFalltime = 20Cmax HgAR/premining HgAR. In this study, we
also use the term preanthropogenic, which refers to pre-1000
BCE period and predates large changes in land use in Europe.28

■ RESULTS AND DISCUSSION

Hg Accumulation Rates. The reconstructed Hg accumu-
lation rates (HgARtotal, including both Hg wet deposition and
GEM uptake) at Pinet increase from 1.5 ± 1.0 μg m−2 y−1 over
the period 8000−1000 BCE to 6.5 ± 2.4 μg m−2 y−1 during the
preindustrial period (1760−1880 CE) (Figure 1A, Table 1).
The 20th century maximum HgAR (20Cmax) of 42 ± 6
μg m−2 y−1 occurs from 1971−2001 (Table 1). This
corresponds to “alltime” (HgAR20Cmax/HgAR<1000BCE) and
preindustrial (HgAR20Cmax/HgAR1760−1880CE) enrichment fac-
tors, EFalltime of 26 ± 4 and EFpreind of 6 ± 1, in good agreement
with global peat bog EFalltime of 27 ± 14 and EFpreind of 6 ± 4
(1σ, n = 14) and lake sediment EFalltime of 17 ± 17 and EFpreind
of 3 ± 1 (1σ, n = 7).11 The historical evolution of HgARs
inferred from the Estibere peat core reveals a gradual increase
from 2.4 ± 0.5 μg m−2 y−1 in the Middle Ages (800−1500 CE)
to 6.0 ± 1.3 μg m−2 y−1 during preindustrial times (1760−1880
CE), reaching 24 ± 2 μg m−2 y−1 (EFpreind = 4 ± 1) during the
Estibere 20Cmax (1946−1974 CE) and decreasing to 9.2 ± 3.5
μg m−2 y−1 in 1990−2011 CE (Figure 1A, Table 1). The timing
of the Estibere 20Cmax period is therefore in good agreement
with other peat studies (mean 20Cmax of 1940−1977 CE),11

while the Pinet 20Cmax period is unusually late (1971−2001
CE).
Hg Stable Isotopes. Hg stable isotopes have proven to

efficiently trace sources and processes affecting Hg cycling.29

Because our sites are located far from Hg emission sources,
deposited Hg derives from long-range transport, and the Hg
isotope source signatures may have been affected by

atmospheric Hg cycling. All Hg transformations potentially
lead to mass-dependent fractionation (MDF) of the seven
stable Hg isotopes (mass range 196 to 204). Odd mass Hg
isotopes show mass independent isotope fractionation (MIF,
Δ199Hg, Δ201Hg) during photochemical Hg transforma-
tions.27,30 Unusual even Hg isotope MIF, producing positive
Δ200Hg and negative Δ204Hg, has been observed in rainfall Hg
in N-America, Asia and Europe.20,31,32 Even-MIF is thought to
be exclusively generated during oxidation of GEM in the upper
troposphere and stratosphere.32 At the Earth surface, Δ200Hg
(and Δ204Hg) can therefore be used as conservative source
tracers in Earth surface ecosystems.20,33,34 Our previous study
of Hg accumulation by living sphagnum moss and surface peat
at Pinet illustrated how Δ200Hg (and Δ204Hg) can be used to
identify and quantify GEM dry deposition to sphagnum.20

Jiskra et al.35 suggested that postdepositional dark Hg reduction
influenced soil Hg isotope signatures (δ202Hg and Δ199Hg, but
not Δ200Hg). We do not however observe the expected trend
for such process in the surface peat layers, suggesting that Hg
deposited to sphagnum is preserved in peat.20

Figure 2 shows Hg isotope variability (δ202Hg, Δ199Hg, and
Δ200Hg) in local rainfall and GEM in the Pyrenees and in the
Pyrenean peat cores. Similar to living vegetation and surface
peat,20,36 the down-core peat δ202Hg enrichment in the lighter
isotopes by foliar GEM uptake, and peat Δ200Hg similarity to

Figure 1. Historical total HgAR (A), peat Δ200Hg (B), Δ199Hg (C),
δ202Hg (D), and GEM concentration (E) reconstructed from Estibere
peat core (blue lines and circles) and Pinet peat cores (red lines and
symbols). Scatters (B, C, D) and red diamonds (A, E) represent Hg
isotope variability and averages HgARs and GEM concentration for
the period 8000−1000 BCE in Pinet cores. Red ●, ▲ and ■

respectively stand for Pinet cores A, B and C.
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the GEM pool suggests GEM dry deposition to have been the
dominant Hg accumulation mechanism in Pyrenean peat bogs
throughout the Holocene (see SI and Figure S9). Estibere peat
systematically displays higher Δ200Hg (0.06 ± 0.03 ‰, 1σ, n =
29, period 800−2011 CE) than Pinet peat (0.01 ± 0.04‰, 1σ,
n = 149, period 8000 BCE to 2011 CE), reflecting a slightly
larger contribution from Hg wet deposition (Figure 2). Indeed,
annual precipitation at Estibere (1400 mm, 2300 m altitude) is
higher than at Pinet (1161 mm, 880 m altitude). Using present-
day Pinet rainfall Δ200Hg (0.21 ± 0.04‰, 1σ, n = 9) and GEM
Δ200Hg (−0.05 ± 0.02 ‰, 1σ, n = 10) as end-members we
estimate past GEM dry deposition (HgARdry) and Hg wet
deposition (HgARwet) to Pinet and Estibere bogs using a mass
balance approach (Figures 1B and S10). The calculated mean
GEM dry deposition contributions to HgAR are 57 ± 8% at
Estibere and 77 ± 8% at Pinet (both 1σ, n = 29 and 149,
respectively). The validity of these estimates depends critically
on whether GEM and rainfall Δ200Hg have remained constant
over the Holocene. Extensive work on volcanic and coal Hg
contents and emissions (summarized in Sun et al., 201637)

shows identical near-zero Δ200Hg in both volcanic (0.03‰)
and coal (0.01‰) Hg emission sources. There is therefore no
reason to suspect that past noncoal Hg emissions, whether
volcanic or anthropogenic (other than coal), led to changing
Δ200Hg emissions over the past 10 000 years. A study reporting
Hg isotope signatures in ice cores did not reveal any change in
Δ200Hg during industrialization, confirming the hypothesis of
constant Δ200Hg signatures in the atmosphere.38 The Estibere
and Pinet (8000 BCE to 1970 CE) Δ200Hg profiles do not
reveal significant variability (Figure 1B), suggesting that the
relative proportions of GEM dry deposition and Hg wet
deposition to the bogs did not change through time. This
observed constancy of Pinet and Estibere Δ200Hg records
supports our assumption of constant GEM and rainfall Δ200Hg
over time as it would be highly unlikely that temporally varying
Δ200Hg sources contributed to yield constant Δ200Hg GEM and
rainfall pools over time.
In all three Pinet records, a significant decrease in Δ200Hg

occurs however around 1970, suggesting that GEM dry
deposition became more important during the last 40 years

Table 1. Summary of the Results for Pinet and Estibere Peatlands

preanthropogenic middle ages preindustrial 20Cmax modern

Pinet peat bog
age interval 8000−1000 BCE 500−1500 CE 1760−1880 CE 1971−2001 CE 2001−2011 CE

HgARtotal (μg m−2 y−1) 1.5 ± 1.0 1.7 ± 0.1 6.5 ± 2.4 40 ± 6 29 ± 3
HgARwet (μg m−2 y−1) 0.4 ± 0.2 0.46 ± 0.02 1.8 ± 0.7 5.1 ± 2.9a 4.5 ± 0.9a

HgARdry (μg m−2 y−1) 1.1 ± 0.4 1.22 ± 0.07 4.7 ± 1.8 36 ± 7 24 ± 2
VGEM (cm s−1) 0.013 ± 0.004 0.013 ± 0.004 0.013 ± 0.004 0.050 ± 0.005
c(GEM) (ng m−3) 0.27 ± 0.11 0.31 ± 0.02 1.2 ± 0.4
Estibere peatland

age interval 800−1500 CE 1760−1880 CE 1946−1967 CE 1990−2011 CE
HgARtotal (μg m−2 y−1) 2.4 ± 0.5 6.0 ± 1.3 24 ± 2 9.2 ± 3.5
HgARwet (μg m−2 y−1) 1.1 ± 0.3 2.6 ± 0.6 11 ± 1 4.0 ± 1.5
HgARdry (μg m−2 y−1) 1.3 ± 0.3 3.4 ± 0.8 14 ± 1 5.2 ± 2.0
VGEM (cm s−1) 0.011 ± 0.003 0.011 ± 0.003 0.011 ± 0.003 0.011 ± 0.003
c(GEM) (ng m−3) 0.38 ± 0.08 1.0 ± 0.2 3.9 ± 0.5 1.5 ± 0.6

aThe 20Cmax period for HgARwet is different than for HgARtotal at Pinet (see SI). 20Cmax HgARwet value is for the period 1942−1964 CE, and
modern HgARwet value for the period 1990−2011 CE.

Figure 2. δ202Hg vs Δ199Hg (A), and Δ200Hg (B) signatures in atmospheric gaseous Hg (x), Hg wet deposition (○) and post-1000 BCE Pinet (red
▲, red ■, red ●) and Estibere (blue ●) peat cores. Red crosses represent the mean ±1σ of Holocene Pinet peat (n = 77).
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(average 89 ± 8% for 1970−2010 period, 1σ, n = 37) compared
to the pre-1970 period (74 ± 7% from 8000 BCE to 1970 CE,
1σ, n = 112; t test p < 0.05). Consequently, a difference in
HgARdry between the two peatlands is observed during the
industrial period (Figure S10), with a late peak in HgARdry at
Pinet (1971−2001 CE) compared to Estibere (1946−1967).
This late peak in the Pinet record coincides with the deliberate,
partial draining of the peat bog (by a 10 m wide, 2 m deep
ditch, 75 m from the coring sites), and concomitant onset of
changes in hydrology and vegetation cover.39 Even-MIF at
Pinet is therefore a sensitive tracer of ecosystem changes. GEM
dry deposition is thought to predominantly reflect GEM uptake
by sphagnum foliage.20 We suggest that the GEM uptake rate
by sphagnum increased after the partial draining (see SI). This
indicates that in addition to Hg wet deposition and atmospheric
GEM concentration, peatland ecology also partly controls peat
HgARs. Peat Hg isotope signatures are therefore useful to
distinguish the variations in HgARs related to atmospheric
processes from those related to peat bog ecology.
Reconstructing Past GEM. The reconstruction of past

GEM concentrations requires knowledge of both HgARdry
(μg m−2 y−1) and the net annual GEM dry deposition velocity
(VGEM, in cm s−1), where GEM = HgARdry/VGEM. We estimate
VGEM using GEM dry deposition estimates from recent peat
layers (HgARdry of 29 ± 3 and 5.2 ± 2.0 μg m−2 y−1 for Pinet
and Estibere, respectively) and modern GEM concentrations
monitored over Europe (1.5 ± 0.3 ng m−3, 1σ, period 1990−
201117). We obtain a modern VGEM of 0.050 ± 0.005 cm s−1 for
the Pinet peat bog and 0.011 ± 0.003 cm s−1 for Estibere,
which lie within the range of field observations over vegetated
ecosystems.40 The Estibere Δ200Hg profile does not vary over
the Holocene, implying that VGEM remained constant. We
therefore extrapolate Estibere VGEM for the modern period to
deeper peat layers and estimate mean GEM concentrations of
0.38 ± 0.08 ng m−3 during the Middle Ages (800−1550 CE),
increasing to 1.0 ± 0.2 ng m−3 during preindustrial times
(1550−1780 CE), reaching a maximum of 3.9 ± 0.5 ng m−3

from 1946−1967, and leveling off to 1.5 ± 0.6 ng m−3 from
1990−2011.
At Pinet, variations in Δ200Hg indicated a change in dry/wet

HgAR contributions over the past ∼40 years (Figure 1B),
probably related to variations in VGEM due to the partial
draining of the peat bog in the 1970′s. Because of this
ecological change at the Pinet peat bog surface, present-day
VGEM cannot be applied to deeper peat layers. However, we can
use GEM concentrations reconstructed from the Estibere
record for the period 800−1970 (Figure 1E) and HgARdry from
Pinet cores for the same period (Table 1) to estimate a pre-
1970 VGEM for the Pinet peat bog (0.013 ± 0.004 cm s−1). The
resulting pre-1970 VGEM can then be applied to deeper
Holocene Pinet peat layers in order to reconstruct a mean
preanthropogenic (8000−1000 BCE) GEM concentration of
0.27 ± 0.11 ng m−3. The Holocene GEM level of 0.3 ng m−3 is
the first ever archive-based reconstruction of what atmospheric
Hg levels may have been during preanthropogenic times. Figure
3 shows that reconstructed Estibere GEM levels since 1940 are
consistent with (1) the single historical GEM reconstruction for
the period 1940−2000 CE based on GEM measurements in
polar firn air,18 which gave a maximum GEM concentration of
3.0 ± 0.5 ng m−3 around 1970, and (2) global atmospheric Hg
monitoring since the 1970s, showing a decline from ∼3 ng m−3

in 1974−1979 to 1.5 ng m−3 in 1990−2010 (Figure 3).
Maximum 20th century GEM levels in the Pyrenees were

15 ± 4 times higher than reconstructed Holocene GEM levels
and suggest that human impacts on global atmospheric Hg
levels are larger than the factor of 3 ± 1 previously thought.

Historical Variations in Peat Hg Isotope Signatures.
Downcore peat δ202Hg and Δ199Hg variations represent
historical changes in Hg emission sources to the atmosphere
and/or changes in Earth surface Hg isotope fractionation
processes. Historical peat δ202Hg variations at Pinet show a
pronounced −0.7 ‰ shift (t test p < 0.05) between
preanthropogenic (−0.98 ± 0.28 ‰, 1σ, n = 76, 8000−1000
BCE) and medieval peat layers (−1.72 ± 0.17 ‰, 1σ, n = 15,
500−1500 CE). This decreasing trend in δ202Hg is also
reflected in the single Estibere peat core from 800 CE (δ202Hg
= −1.17 ± 0.12, 1σ, n = 3, period 800−1100 CE), reaching a
minimum of −1.38 ± 0.01 ‰ (1σ, n = 3, period 1450−1530
CE) around 1500 CE (t test p < 0.05) (Figure 1). The shift in
Pinet peat δ202Hg is accompanied by near constant Δ199Hg of
−0.39 ± 0.08 ‰ (1σ, n = 76) in 8000−1000 BCE to
−0.32 ± 0.05 ‰ (1σ, n = 15) in 500−1500 CE (constant
although t test p < 0.05 indicates a slight increase). Although
Estibere Δ199Hg increases during the Middle Ages, its mean
value remains similar to Holocene Δ199Hg. The key feature of
the Pinet record, i.e., the −0.7‰ δ202Hg, shift predates Spanish
colonial mining (1570−1820 CE), which potentially emitted
large amounts of Hg to the atmosphere.41 Medieval mining and
metallurgy could have had an influence on atmospheric Hg
locally, yet does not have low enough δ202Hg (−0.6 ‰ for
cinnabar and −0.5 ‰ for Zn ores)37 to support the
observations. The only plausible Hg emission source which
would induce the observed trends in peat δ202Hg, Δ199Hg and
reconstructed GEM during the medieval period is biomass
burning, since it would emit Hg with low δ202Hg, and with
Δ199Hg similar to concurrent GEM (i.e., at 1000 CE).
European deforestation, as inferred from population dynamics,
has indeed been extensive since 1000 BCE.28 In addition,
deforestation associated with land use change limits foliar
sequestration of GEM and may have resulted in regionally
higher GEM levels with lesser enrichment in heavy Hg isotopes
(lower δ202Hg). We therefore suggest that the medieval
decrease in δ202Hg and minor increase in reconstructed GEM
levels (insignificant considering uncertainties, see Table 1) was
caused by biomass burning and the negative feedback that
deforestation had on foliar GEM sequestration.

Figure 3. Reconstructed atmospheric GEM concentrations from Pinet
(1900−1970 CE) and Estibere (1900−2011 CE) peat cores,
compared to monitored concentrations across Europe (EMEP), and
GEM concentration reconstructed from polar firn air in Greenland
(after Fain et al., 200918).
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The first large increase in GEM concentration (factor of 3−4
compared to preanthropogenic times) starts around 1500 CE in
the Estibere and Pinet records and reaches 1.0−1.2 ng m−3

during the preindustrial period (1750−1880 CE; Table 1),
which suggests a new important Hg emission source. Other
European records also display increasing HgARs in this
period.8,42−44 The increase in HgAR has been suggested to
represent Hg extraction for silver and gold amalgamation since
the 16th century.11,45 The absence of pronounced change in
both δ202Hg and Δ199Hg at Estibere and Pinet over the
European Renaissance period (1500−1750 CE) suggest,
however, little change in Hg emission sources, i.e. continued
biomass burning driven by population dynamics.
In both Estibere and Pinet cores, reconstructed GEM,

δ202Hg, and Δ199Hg do gradually increase during the
preindustrial and industrial periods (1750−2010 for Estibere;
1750−1970 for Pinet due to ecological disturbance >1970) by
3 ng m−3, 0.3 ‰ and 0.15 ‰, respectively (Figure 1C−E).
Similar increases in δ202Hg and Δ199Hg during the industrial
period were observed in lake sediment studies.46−50 The
increase in δ202Hg partly parallels a recently estimated 0.4 ‰
increase in the δ202Hg of bulk anthropogenic Hg emissions
from 1850 to 2010 and reflects a shift in Hg emissions from the
mining to energy sectors.37 However, the observed increase in
Δ199Hg is not compatible with the Hg isotope emission
inventory as both natural and anthropogenic Hg emission
sources carry near-zero Δ199Hg.37 Modern day negative
atmospheric Δ199HgGEM is counterbalanced by positive rainfall
Δ199Hg, representative of atmospheric oxidized Hg species
(Figure 2). This careful balance results from ill-identified
atmospheric photochemical Hg redox transformations. The
temporal change in peat Δ199Hg over the past millennium
suggests that the regional or possibly global atmospheric Hg
redox balance has changed. Alternatively, the broad shift from
medieval biomass burning emissions with low Δ199Hg to
industrial emissions with near-zero Δ199Hg may also play a role.
While more work is needed to refine the Δ199Hg tracer, our
study clearly shows that paleo-Hg isotope records are powerful
tools to constrain atmospheric and ecological processes as well
as anthropogenic impacts. Our finding that human impacts on
atmospheric GEM levels have been larger than previously
recognized sets a new benchmark for environmental policy
under the UNEP Minamata Convention.
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