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� The shoots serve as passive samplers for airborne pollutants.
� Hg isotopic compositions of one-year-old spruce shoots were measured using CV-MC-ICP-MS.
� D199Hg and D201Hg did not significantly change during the study period.
� D200Hg and d202Hg exhibited slight decreasing trends over time.
� Such decreases may be attributed to changes in the global and local Hg emissions.
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a b s t r a c t

The Hg isotopic composition of 1-year-old Norway spruce (Picea abies) shoots collected from Saarland
cornurbation Warndt, Germany, since 1985 by the German Environmental Specimen Bank, were
measured for a better understanding of the temporal trends of Hg sources. The isotopic data showed that
Hg was mainly taken up as gaseous element mercury (GEM) and underwent oxidation in the spruce
needles; this led to a significant decrease in the d202Hg compared with the atmospheric Hg isotopic
composition observed for deciduous leaves and epiphytic lichens. Observation of the odd mass-
independent isotopic fractionation (MIF) indicated that D199Hg and D201Hg were close to but slightly
lower than the actual values recorded from the atmospheric measurement of the GEM isotopic
composition in non-contaminated sites in U.S. and Europe, whereas observation of the even-MIF indi-
cated almost no differences for D200Hg. This confirmed that GEM is a major source of Hg accumulation in
spruce shoots. Interestingly, the Hg isotopic composition in the spruce shoots did not change very
significantly during the study period of >30 years, even as the Hg concentration decreased significantly.
Even-MIF (D200Hg) and mass-dependent fractionation (MDF) (d202Hg) of the Hg isotopes exhibited slight
decrease with time, whereas odd-MIF did not show any clear trend. These results suggest a close link
between the long-term evolution of GEM isotopic composition in the air and the isotopic composition of
bioaccumulated Hg altered by mass-dependent fraction in the spruce shoots.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Hg is a globally distributed toxic metal that is capable of long-
makawa).

r Ltd. This is an open access articl
distance transportation via the atmosphere and deposition on
land. Atmospheric Hg exists as three chemical species, among
which the dominant species (>90% of the total Hg in the lower
atmosphere) is gaseous elemental mercury (GEM) or Hg0(g). GEM
has a relatively long atmospheric residence time (0.5e2 years),
which allows regional and global transportation from emission
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Table of abbreviations

GEM Gaseous element mercury
GOM Gaseous oxidized mercury
MDF Mass-dependent fractionation
MIF Mass-independent fractionation
PBM Particulate-bound mercury
TGM Total gaseous mercury
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sources (Gonzalez-Raymat et al., 2017). The other two chemical
species are gaseous oxidized mercury (GOM) or Hg2þ(g) and
particulate-bound mercury (PBM) or Hg(p); they are relatively
reactive and are efficiently removed from the atmosphere through
wet and dry deposition (Lindberg et al., 2002; Liu et al., 2010). The
global atmospheric Hg pool is fed not only by direct anthropogenic
emissions (2000e3000 tonnes/year), but also by natural sources,
primarily volcanic emissions (500 tonnes/year), and terrestrial re-
emission of naturally and anthropogenically-derived Hg from soil
and vegetation (1000 tonnes/year) and biomass burning (600
tonnes/year) (UNEP, 2019). Forest ecosystems are the largest sink
for atmospheric Hg. Previous studies showed that leaves and tree
rings can be used as biomonitors for total gaseous mercury (TGM,
GEM þ GOM) concentrations over space (Arnold et al., 2018;
Peckham et al., 2019a, 2019b). GEM accumulates Hg in the foliage,
primarily in stomata where it is retained in the oxidized form, and
deposits with litterfall (Rutter et al., 2011). GOM and PBM are also
adsorbed to leaf surfaces, and re-emitted to the atmosphere or
leached by precipitation and deposited to the floor (Demers et al.,
2007).

Despite the increased monitoring of atmospheric Hg, pollution
detection and chronological records remain necessary for remote
locations where continuous monitoring is difficult. Biomonitoring
techniques are of great interest for evaluating concentration
changes and possible sources of Hg. Particularly, conifers can serve
as a bioindicator to determine the ambient air concentration and
accumulation in plants during the time of exposure (Suchara et al.,
2011; Kang et al., 2019; Liu et al., 2019). In the present study, spruce
tree samples from a sampling site in the federal state Saarland,
obtained from the German Environmental Specimen Bank (ESB),
was used to obtain the trend of Hg isotopic composition with time,
from 1985 to 2018. The German ESB is an organization of the
German FederalMinistry for the Environment, Nature Conservation
and Nuclear Safety for long-term monitoring of the environment
and is technically and administratively managed by the Federal
German Environment Agency. The German ESB systematically
collects environmental samples from dedicated sampling regions
and stores them to investigate spatial and temporal trends in
pollution of the ecosystem by chemicals of emerging concern and/
or to identify environmental threats early or the need for
comprehensive environmental monitoring and regulatory risk
management (Dreyer et al., 2019; Falk et al., 2019; Rüdel et al.,
2010). Long-term storage of the sample occurs under cryogenic
conditions, which prevents change in the state of chemical prop-
erties or loss of chemicals over several decades.

Hg has seven isotopes (196,198,199, 200, 201, 202, and 204) that
can undergo mass-dependent fractionation (MDF) or mass-
independent fractionation (MIF). Since the development of pre-
cise and accurate measurements, the stable isotopes of Hg can be
analyzed to obtain information on its pollution sources and envi-
ronmental pathways (Blum et al., 2014). MDF occurs during
biogeochemical transformation, whereas odd-MIF (199Hg and
201Hg) occurs through a more complex mechanism mainly
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associated with photochemical processes. Previous studies have
suggested that the global background atmospheric Hg pool is
characterized by positive d202Hg values and urban-industrial
emissions are characterized by more negative values (Demers
et al., 2013; Gratz et al., 2010; Sherman et al., 2010; Yamakawa
et al., 2017; Yu et al., 2016). Moreover, GOM and PBM generally
showmore positive MIF compared with that of GEM, which usually
shows negativeD199Hg (Chen et al., 2012; Demers et al., 2013, 2015;
Fu et al., 2014, 2016, 2018, 2019; Gratz et al., 2010; Sherman et al.,
2012; Yamakawa et al., 2017, 2019, 2020; Yu et al., 2016;
Zambardi et al., 2009). Investigations on the Hg isotopic composi-
tion in forest ecosystems (Barre et al., 2020; Demers et al., 2013; Yu
et al., 2016; Yuan et al., 2019; Zheng et al., 2016) have shown that
atmospheric gaseous Hg undergoes MDF during foliar uptake to
generate lighter isotopes in plant leaves. Little MIF occurs in leaves,
which indicates that the photochemical reactions of Hg are prev-
alent throughout the forest ecosystem (Demers et al., 2013).

This study aimed to (1) determine the temporal trends of Hg
isotopic compositions in 1-year-old spruce shoots (Picea abies) for
retrospective monitoring, (2) track sources of Hg, and (3) deepen
understanding of the mechanisms underlying the biogeochemical
Hg cycle in forest ecosystems. This unique dataset provides new
information on the variability of the Hg isotopic composition in the
atmosphere for the last few decades in Germany due to both local
and global anthropogenic emissions.

2. Materials and methods

2.1. Sampling site, sample collection and pre-analysis of the sample

The sampling site, Warndt, Germany, is a natural forest located
on the outer periphery of a densely populated and industrialized
conurbation between the industrial regions of Saarland and Lor-
raine. The site is characterized by mixed stands of beech, oak,
spruce, pine, and larch.

Spruce (Picea abies) samples (one-year shoots, each shoot con-
sisting of needles, buds, and branch) are sampled each year from
the crown of the tree (25e31 m above the ground), with the
exception of the branch tip shoot. Each year the same standardized
sampling protocol is used (Bartel et al., 2009). Samples are taken
from the crowns of 15 trees at the same sampling site. Trees must
be over 40 years old, predominant dominant or co-dominant in the
stand. Immediately after sampling the shoots are rapid-frozen on-
site in a Dewar vessel in the gas phase above liquid nitrogen and the
cooling chain is not interrupted at any time afterwards. Thus
transport, storage as well as grinding and homogenization of the
sample material takes place under cryogenic conditions (temper-
ature below approx. �130 �C) (Rüdel et al., 2015). Grinding and
homogenizing is achieved using the cryo-oscillating mill KHD
Humboldt Wedag Palla VM-KT with titanium milling cylinder and
titanium milling rods (manufactured by KHD, Cologne) multiple
times (Rüdel et al., 2008). The elemental concentrations of the
spruce samples are reported in the open ESB database (www.
umweltprobenbank.de/en/documents/investigations/). Total Hg
concentrations were analyzed each year after short term storage (<
6 month) under cryogenic conditions (method: Rüdel et al., 2011).
For this study all samples were analyzed again confirming these
values, indicating that the samples were stored under stable con-
ditions without any Hg loss. Fig. 1 shows that the Hg concentration
in spruce has been gradually decreasing over time but had a peak
around 2001; the Hg concentration was ~48 ng/g in 2001 and
~25 ng/g in 1999. Because the GEM concentration in Western
Europe had no such peak (Zhang et al., 2016), this may indicate that
the atmospheric Hg was due to local pollution. The inter-element
correlation for spruce needles indicates strong correlations
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Fig. 1. Hg concentration of 1-year-old spruce (Picea abies) samples collected at Warnd,
Germany.
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between Hg and Cr, Fe, and Ni as well as significant correlations
between Hg and Cu as well as Zn and Ba (Table S1).

2.2. Experimental methods

2.2.1. Reagents for Hg isotopic analysis
NIST SRM 3133 (Hg isotopic standard solution) was used as the

primary standard, and NIST SRM 997 (Tl isotopic standard solution)
was used to conduct an internal mass bias correction for the Hg
isotope analysis. NIST RM 8610 (UM Almaden, Hg isotopic standard
solution), BCR-482 (lichen), and NIST 1575a (pine needles) were
used as secondary standards to ensure the quality of the analyses.
Baker Instra-Analyzed Reagent (J. T. Baker, USA) was used to obtain
HNO3 for sample preparation and dilution. Ultrapure HNO3 (Ultrex
II grade, JT Baker, USA) was used to prepare the Tl solution. All pure
water was prepared with a Milli-Q system (Merck Millipore, USA).
Reagent-grade SnCl2$2H2O was obtained from Scharlau (Barcelona,
Spain).

2.2.2. Sample preparation
An application note from Milestone for SRM NIST 1575a (pine

needles) was referenced to dissolve the spruce samples. Approxi-
mately 0.5 g of the samples was decomposed by using 4 mL HNO3
in a microwave (UltraWave, Milestone, Italy) at 230 �C for 25 min.
To ensure analytical accuracy, the Hg isotopes of the secondary
references (BCR-482 (lichen) and NIST 1575a (pine needles)) were
measured with the same methods. The Hg concentrations of all
dissolved samples were adjusted to 0.5 ppb.

2.2.3. Hg isotope analysis
Hg isotopic measurements were conducted with cold vapor

multi-collector inductively coupled plasma mass spectrometry
(CV-MC-ICP-MS) by using a Nu Plasma (Nu Instruments, UK) at
IPREM (Institut des Sciences Analytiques et de Physicochimie pour
l’Environnement et lesMat�eriaux). Nu Plasmawas interfacedwith a
DSN-100 desolvating nebulizer (Nu Instruments, UK) for Tl intro-
duction and a homemade CV system for Hg0 generation. Hg0 and Tl
dry aerosols (introduced Tl concentration: 15 mg/L) were mixed at
the outlet of the CV generation system before being introduced into
the plasma. The sample and standard solutions were diluted to
appropriate Hg and acid concentrations (~10% HNO3 and ~2%HCl, v/
v), and Hg2þ was reduced online with 3% SnCl2 in ~10% HCl. Hg and
Tl isotopes were monitored simultaneously, and a205Tl/203Tl
3

isotope ratio of 2.38714 for NIST SRM 997 was used to correct for
instrumental mass bias according to an exponential law.

In this study, the mass numbers of 198 (Hg), 199 (Hg), 200 (Hg),
201 (Hg), 202 (Hg), 203 (Tl), 204 (Hg, Pb), 205 (Tl), and 206 (Pb)
were detected with individual Faraday cups. The preamplifier gains
associated with each Faraday cup were calibrated daily. Instru-
mental parameters were tuned each day before the analysis to
obtain the maximum signal intensity and stability. For each sample
and standard, 30 cycles were collected with an integration time of
10 s for each cycle. Between sample analyses, the system was
washed with 10% HNO3 þ 2% HCl to reduce the signal intensity for
the CV system to the background level. The solution uptake rate
was adjusted to 0.625 mL/min. The size of the bracketing standard
was kept the same as that of the sample (0.5 ng/g). The typical
intensity of 202Hg was ~0.8 V. Signal intensities observed for the
blank samples were typically less than 1% of those observed for the
test samples. Blank subtractions were performed for each mass by
using the on-peak zero method and running a blank solution (~10%
HNO3 and ~2% HCl, v/v) before each measurement. Table S2 pre-
sents the general settings.

The following raw isotopic ratios were corrected for instru-
mental mass bias by using the measured 205Tl/203Tl isotope ratios
and its reference value (2.38714): 199Hg/198Hg, 200Hg/198Hg,
201Hg/198Hg, 202Hg/198Hg, and 204Hg/198Hg. The uncertainty of
these ratios was calculated by doubling the standard deviation
(2SD) of the sample and bracketing the standard measurement
mean (2s). Any ratio with a value greater than 2SD was rejected.

Hg isotope ratios are generally reported as the actual ratios or
d values, which represent deviations in the isotope ratio from that
of a standard in parts per thousand (per mil, denoted as ‰). All
sample analyses were bracketed by analysis of an Hg isotopic
standard solution (NIST SRM 3133), and Hg isotopic ratios were
calculated relative to the mean of the bracketing standards (Blum
and Bergquist, 2007):

dxxxHg (‰) ¼ [(xxxHg/198Hg)sample/
(xxxHg/198Hg)NIST3133 � 1] � 1000, (1)

Where, xxx represents one of the five other possible isotopic mass
numbers for Hg (199, 200, 201, 202, and 204).

In this study, MIF was reported by using D to indicate the dif-
ference between the measured dxxxHg and theoretically predicted
value of the same parameter according to the following
relationship:

DxxxHg (‰) ¼ dxxxHg � b � d202Hg, (2)

Where, b represents the equilibrium MDF factor, which is 0.252,
0.502, 0.752, and 1.493 for 199Hg, 200Hg, 201Hg, and 204Hg, respec-
tively (Blum and Bergquist, 2007).

NIST RM 8610 (UM Almaden) was used as a secondary standard
and was measured relative to NIST SRM 3133 several times for each
analysis session. To determine the analytical uncertainty of an
unknown sample, an external reproducibility of twice the standard
error (2SE) is recommended for replicate analyses unless the
external reproducibility of the method using the in-house sec-
ondary standard is less than 2SD (Blum and Bergquist, 2007). When
2SE of the sample replicates is less than the external reproducibility
of the secondary standard, 2SD of the secondary standard should be
reported as the uncertainty of the measured sample. In this study,
the 2SD values of NIST RM 8610 (Table S3) were used to determine
the analytical uncertainty of the measurements. The uncertainty
attached to the Hg isotopic values was expanded by the coverage
factor k ¼ 2 corresponding to a confidence interval of approxi-
mately 95%. Type B uncertainty and uncertainty in the bias of the
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methods were not included.
The repeatability of the Hg isotopic compositions for the sec-

ondary reference standard (NIST RM 8610), which were adjusted to
0.5 or 0.25 ng/g, was monitored during the study period to validate
the analytical stability of the operating conditions (Table S3).
Drifting of Hg isotopic ratios may occur during a daylong analysis as
a consequence of Ar gas flow instability, cone and slit degradation,
and/or cup aging. To overcome these potential problems, all sample
analyses were bracketed according to the analytical results of the
relevant standard (NIST SRM 3133), and the Hg isotopic values of a
sample were calculated relative to the mean values of the corre-
sponding parameters for the bracketing standard. With the
standard-sample bracketing method, the deviations of the isotopic
ratios measured for NIST RM 8610 were less than 0.3‰ (n¼ 7 and 9
for 0.5 and 0.25 ng/g, respectively) in the case of 0.5 and 0.25 ng/g
solutions, and the results agreed with the published data (Estrade
et al., 2010). BCR-482 and NIST 1575a, which have similar
matrices to that of pine spruce, were also analyzed to validate and
assure the analytical methods used for isotopic measurement and
the sample decomposition. Our data are in good agreement with
reference values (Estrade et al., 2010; Kurz et al., 2019). This result
suggests that our methodology is sufficiently accurate to conduct
Hg isotopic measurements. Table S3 reports the Hg isotopic com-
positions calculated for BCR-482 and NIST 1575a relative to the
NIST SRM 3133 Hg standard. For the Hg isotopic measurements,
BCR-482 was adjusted to 0.5 and 0.25 ng/g, and NIST 1575a was
adjusted to 0.25 ng/g for Hg isotopic measurement. The measure-
ments were all within an acceptable uncertainty to their counter-
parts in the literature (Estrade et al., 2010; Kurz et al., 2019). This
result suggests that our technique is sufficient to measure.

3. Results and discussion

3.1. Hg concentration and isotopic composition in spruce needle
shoots

The Hg concentration decreased rapidly from a peak of ~70 ng/g
(dw) in 1989 (Fig. 1) to reach a background plateau of ~15 ng/g after
2010. The Hg isotopic composition of the spruce samples did not
exhibit a large variation within the study period, even as the Hg
concentration greatly decreased. The average Hg isotopic composition
was d202Hg ¼ �2.71 ± 0.27‰, D199Hg ¼ �0.41 ± 0.13‰,
d202Hg ¼ �0.01 ± 0.08‰, D201Hg ¼ �0.38 ± 0.13‰, and
D204Hg ¼ 0.01 ± 0.24‰ (2SD, n ¼ 21; see Table 1). Relatively small
correlations between Hg concentration and sampling year and d202Hg
and D200Hgwere observed.Whenwe look through Hg concentration,
D199Hg and D201Hg for the whole sampling year, we do not see any
correlation between these two. On the other hand, there is significant
correlation between Hg concentration and D199Hg and D201Hg for the
sampling year from 2004 to 2018, with the small D199Hg and D201Hg
peaks around 2004 (Fig. S1). MIF of odd-isotope is known to provide a
unique fingerprint of specific chemical pathways, such as photo-
chemical reduction. It may suggest that considerable evolution in
emission sources and technologies might affect the isotopic compo-
sition during the years.

A negative d202Hg was observed, which may be caused during
uptake by spruce. Forests are considered a net sink for atmospheric
Hg because of the foliar uptake of GEM (e.g. Rutter et al., 2011;
Jiskra et al., 2018). Foliar uptake followed by oxidation of GEM has
been shown to induce significant MDF, and GEM may be oxidized
by thiol ligands in foliar tissues (Demers et al., 2013). A slight
positive correlation was observed between the MIF of the even
isotope D200Hg and the Hg concentration (R2 ¼ 0.23, p ¼ 0.03)
(Fig. 3(c)). Positive D200Hg anomalies have been observed within
precipitation that may originate from the upper atmosphere during
4

GEM oxidation (Chen et al., 2012). Such anomalies in D200Hg may
derive from redox reactions that transform GEM into GOM, and the
subsequent scavenging of GOM by droplets and particles (aerosols).
Studies by Demers et al. (2013) and Jiskra et al. (2015) on remote
forest ecosystems in the northern United States and Sweden sug-
gest that GOMmay only account for a small portion of atmospheric
Hg deposition in forest soils, whereas the foliar uptake of GEM and
the subsequent litterfall represent larger deposition pathways. The
processes triggering D200Hg have not been elucidated, but a plau-
sible hypothesis is that photochemical oxidation of GEM in the
atmosphere and mixing of different sources of GEM (i.e., pollution
sources, soil evasion, and background atmosphere) result in the
observed Hg isotopic composition for spruce. We also need to point
out the contribution of PBM to the spruce samples. Since correla-
tions between Hg and other heavy element are observed, a
contribution from airborne particles, which adhered to the waxy
cuticle, cannot be ruled out. However, in such background envi-
ronment, even with Hg emission sources nearby, we do not expect
large input from PBM (please see Barre et al., 2018 for evidence in
lichens). In fact the Hg isotopic data shows no drastic change of MIF
values along the years, implying that amajor contribution of GEM is
expected in the spruce shoots (at least in recent decades). However,
we do not have Hg isotopic data of PBM at the sampling point, so
that the contribution rate of Hg from PBM to spruce remains
unknown.

3.2. Spatial and temporal trends for the Hg isotopic composition in
spruce needles and other atmospheric biomonitors

In previous studies on remote forest ecosystems, the observed
Hg isotope compositions in the forest soil and biomass differed
from the isotopic composition of atmospheric Hg species (Demers
et al., 2013; Enrico et al., 2016; Jiskra et al., 2015; Zhang et al.,
2013; Zheng et al., 2016). These studies reported that the soil and
forest biomass exhibited primarily negative odd-MIF (D199Hg and
D201Hg) with no significant even-MIF (D200Hg and D204Hg),
whereas atmospheric GOM samples predominantly show positive
odd-MIF and even-MIF worldwide, and GEM shows a small degree
of negative odd-MIF and even-MIF. The Hg isotopic composition of
GEM from immediate anthropogenic emissions is characterized by
negative d202Hg and near-zero D199Hg, whereas Hg associated with
the regional background displays more positive d202Hg and nega-
tive D199Hg (Demers et al., 2013; Gratz et al., 2010; Sherman et al.,
2010; Yamakawa et al., 2017; Yu et al., 2016).

Fig. 4 compares the Hg isotopic compositions of the spruce sam-
ples in this study and foliage samples collected at non-contaminated
sites in the United States and Europe. Demers et al. (2013) measured
the Hg isotopic compositions of precipitation and TGM/GEM and
showed that D199Hg significantly differed for foliage and precipitation
samples. This result implies that precipitation is not the source of Hg
in foliage. The d202Hg values for the spruce (�2.95‰ to �2.40‰,
n ¼ 21) were slightly lower than those of foliage in US forests,
although there was some overlap (�2.53‰ to �1.79‰, n ¼ 19,
Demers et al., 2013;�2.67‰ to�2.08‰, n¼ 9, Zheng et al., 2016). The
D199Hg and D200Hg values for the spruce were similar to those re-
ported by Demers et al. (2013) (D199Hg: from �0.40‰ to �0.22‰,
D200Hg: from �0.13‰ to 0.16‰) and Zheng et al. (2016) (D199Hg:
from �0.47‰ to �0.06‰, D200Hg: from �0.04‰ to 0.04‰). Despite
the different tree species and geographic areas, Hg in vegetation may
mainly derive from similar sources, such as the global (or northern
hemispheric) background GEM, and/or undergoes similar fraction-
ation mechanisms. Additionally, Barre et al. (2020) recently studied
Hg isotopes in epiphytic lichens in a large and remote beech forested
area at the FrencheSpanish border. They found a wider range but
similar average for d202Hg (from �4.69‰ to �1.71‰,



Table 1
Hg isotopic concentrations and compositions of 1-year-old spruce shoots.

Sampled year Hg ppb (dw) 1/Hg d199Hg d200Hg d201Hg d202Hg d204Hg D199Hg D200Hg D201Hg D204Hg

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰

1985 50.100 0.020 �1.06 �1.26 �2.38 �2.61 �4.04 �0.40 0.05 �0.42 �0.15
1987 65.820 0.015 �0.98 �1.13 �2.20 �2.40 �3.80 �0.38 0.08 �0.39 �0.22
1989 67.960 0.015 �1.05 �1.32 �2.35 �2.59 �4.06 �0.40 �0.03 �0.41 �0.20
1993 36.883 0.027 �0.97 �1.28 �2.28 �2.63 �4.01 �0.30 0.04 �0.30 �0.08
1995 34.183 0.029 �1.15 �1.31 �2.31 �2.53 �3.64 �0.51 �0.04 �0.40 0.15
1995 34.183 0.029 �1.18 �1.47 �2.47 �2.82 �4.04 �0.47 �0.05 �0.35 0.17
1995 34.183 0.029 �1.03 �1.35 �2.41 �2.63 �3.77 �0.36 �0.03 �0.43 0.16
1997 24.283 0.041 �1.02 �1.38 �2.37 �2.70 �4.04 �0.34 �0.02 �0.34 �0.01
1999 25.050 0.040 �1.24 �1.52 �2.49 �2.95 �4.35 �0.50 �0.04 �0.28 0.05
2000 36.883 0.027 �1.12 �1.35 �2.42 �2.75 �3.96 �0.43 0.03 �0.36 0.14
2001 47.617 0.021 �1.15 �1.39 �2.45 �2.70 �4.15 �0.47 �0.03 �0.43 �0.12
2002 41.583 0.024 �1.07 �1.36 �2.39 �2.72 �4.19 �0.39 0.01 �0.35 �0.14
2003 24.917 0.040 �1.16 �1.40 �2.49 �2.81 �4.16 �0.46 0.01 �0.38 0.03
2004 19.933 0.050 �1.16 �1.42 �2.61 �2.83 �4.19 �0.44 0.01 �0.48 0.03
2006 22.600 0.044 �1.19 �1.40 �2.62 �2.82 �4.19 �0.48 0.02 �0.51 0.01
2008 20.283 0.049 �1.14 �1.35 �2.45 �2.69 �4.01 �0.47 0.00 �0.43 0.00
2010 14.150 0.071 �1.14 �1.49 �2.50 �2.83 �4.18 �0.43 �0.07 �0.37 0.05
2012 15.633 0.064 �1.09 �1.58 �2.48 �2.92 �4.35 �0.35 �0.11 �0.28 0.01
2014 15.525 0.064 �0.92 �1.34 �2.25 �2.64 �3.87 �0.26 �0.01 �0.27 0.07
2016 16.100 0.062 �1.08 �1.43 �2.54 �2.81 �4.20 �0.37 �0.02 �0.42 0.01
2018 16.025 0.062 �1.13 �1.37 �2.39 �2.66 �3.76 �0.46 �0.03 �0.39 0.20
Average �1.10 �1.37 �2.42 �2.71 �4.05 �0.41 �0.01 �0.38 0.01
2SD (n ¼ 21) 0.16 0.19 0.22 0.27 0.39 0.13 0.08 0.13 0.24

Expanded uncertainties (2SD) of spruce taken from NIST RM 8610.

Fig. 2. Temporal variations of (a) d202Hg, (b) D199Hg, (c) D200Hg, and (d) D201Hg in spruce. The uncertainties of each plot represent 2SD of NIST RM 8610 as reported in Table S3.
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average:�2.68 ± 1.55‰, n¼ 58) and D200Hg (from�0.07‰ to 0.13‰,
average: 0.01 ± 0.07‰, n ¼ 58) and slightly less negative values for
D199Hg (from �0.47‰ to 0.03‰, average: �0.19 ± 0.26‰, n ¼ 58).
Such a difference for odd-MIF may be explained by larger photore-
duction pathways for spruce shoots compared to lichens, which are
located below the tree canopy.

3.3. Long-term trend of Hg isotopic composition derived from
ambient GEM uptake

The isotopic composition was consistent throughout the sam-
pling period (1985e2018), which indicates that the vegetation was
mostly taking up atmospheric GEM. Nevertheless, specific trends
5

were observed for both d202Hg (MDF) and D200Hg (even-MIF),
which exhibited a steady decrease. d202Hg and D200Hg followed
linear decreasing trends with R2 ¼ 0.26 (p ¼ 0.02) and R2 ¼ 0.27
(p ¼ 0.03), respectively. Whether such trends are statistically sig-
nificant remains difficult to ascertain because of the inherent un-
certainties associated with both isotopic signatures (2SD). By
contrast, no specific trends could be observed for odd-MIF (199Hg
and 201Hg). However, the values of D199Hg/D201Hg were plotted
along a slope of ~1 together with other studies on lichen and foliage
samples from non-polluted sites (Fig. 5). This suggests photo-
chemical and gas exchange processes at the needle shoot surface
(i.e., GEM<¼>GOM exchange).. Strongly negative d202Hg was
observed, which may be caused during uptake by the spruce.



Fig. 3. Hg concentration vs. (a) d202Hg, (b) D199Hg, (c) D200Hg, and (d) D201Hg in spruce. Uncertainties of each plot represent 2SD of NIST RM 8610 as reported in Table S3.

Fig. 4. d202Hg vs. D199Hg for spruce samples in this study compared with those for
foliage, lichen, GEM, and precipitation samples in the literature.

Fig. 5. D201Hg vs. D199Hg for spruce samples in this study compared with those for
foliage, lichen, GEM, and precipitation samples in the literature.
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Although such a process erases the original information on the
pollution sources, the large MDF during TGM uptake may be
essential for understanding the isotopic balance of the global
mercury cycle. However, the local emissions have changed note-
worthy, especially in the surrounding area of the sampling site. In
the last 30e40 years, large industrial and metallurgical facilities
have mostly collapsed or evolved to cleaner technologies, which
has been related to modernizations in the steel industry and the
close-down of the old coke oven in the near-by V€olklingen indus-
trial region (explained in www.umweltprobenbank.de/en/
documents/selected_results/13061). Generally, mercury emissions
in Germany declined by approximately 77% since the 1990s until
2018 (European Environment Agency, 2020). The results of this
study established that such large changes in local Hg emissions did
not induce drastic variations in the Hg isotopic composition of the
air (gas phase) and subsequently in the vegetation.
6

4. Conclusion

The Hg isotopic composition in 1-year-old shoots of Norway
spruce shoots collected since 1985 in Germany was measured by
using CV-MC-ICP-MS. Although the Hg concentration decreased
significantly over time until late 2010, the Hg isotopic composition
did not significantly change during the sampling period. The reason
that there is no significant trend of Hg isotopes in spruce shoots is
that the main atmospheric process might be constant at the sam-
pling area. However, a small even-MIF (D200Hg) shift that should
not change after uptake is observed. Even-MIF (D200Hg) and MDF
(d202Hg) for the Hg isotopic composition both exhibited slight
decreasing trends over time. Such decreases may be attributed to
changes in the global and local Hg emissions (European
Environment Agency, 2020) and in the contribution of the

http://www.umweltprobenbank.de/en/documents/selected_results/13061
http://www.umweltprobenbank.de/en/documents/selected_results/13061
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atmosphere to the deposition of Hg species (GEM, GOM, and wet
deposition). Environmental samples like spruce shoots can be used
as passive monitoring samples or bioindicators for measurement of
Hg isotopic signature to reveal past and present information about
atmospheric Hg deposition, fate, and origin, especially at the
polluted region. Further investigations of the atmospheric Hg cycle
of the area are necessary (such as GEM/GOM/PBM monitoring, and
Hg isotopic measurements of GEM/GOM/PBM, tree rings, and
environmental samples nearby).
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