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Mercury (Hg) isotope composition was investigated in

lichens over a territory of 900 km? in the northeast of France
over a period of nine years (2001—2009). The studied area was
divided into four geographical areas: a rural area, a suburban
area, an urban area, and an industrial area. In addition,
lichens were sampled directly at the bottom of chimneys,
within the industrial area. While mercury concentrations in
lichens did not correlate with the sampling area, mercury isotope
compositions revealed both mass dependent and mass
independent fractionation globally characteristic of each
geographical area. Odd isotope deficits measured in lichens
were smallestin samples close to industries, with A'®Hg of —0.15
+ 0.03 %o, where Hg is thought to originate mainly from

direct anthropogenic inputs. Samples from the rural area
displayed the largest anomalies with A'™Hg of —0.50 + 0.03%o.
Samples from the two other areas had intermediate A'®Hg
values. Mercury isotopic anomalies in lichens were interpreted
to result from mixing between the atmospheric reservoir and
direct anthropogenic sources. Furthermore, the combination of
mass-dependent and mass independent fractionation was
used to characterize the different geographical areas and
discriminate the end-members (industrial, urban, and local/
regional atmospheric pool) involved in the mixing of mercury
sources.

Introduction

Mercury (Hg) is a hazardous pollutant discovered and used
since the Roman period (I). From the beginning of the
industrial era, anthropogenic fluxes to the atmosphere
increased systematically and now dominate the natural
fluxes, according to estimates from global modeling (1). It is
believed that Hg deposition to eco- and geosystems has
increased 3-fold compared to the estimated natural back-
ground over this time period (2). Regulations in different
countries led many industrial companies to produce goods
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with low Hg contents and to revise their removal systems
and filters, but Hg emissions to the atmosphere from
anthropogenic sources remain elevated (3, 4).

Gaseous elemental mercury (GEM) is the dominant
species in the atmosphere. Because of its long atmospheric
residence time, GEM is considered a transboundary pollutant
because it may be deposited far from its emission source
(5, 6). For this reason, atmospheric depositions at the scale
of a small territory will represent mixtures between long-
range transported GEM and gaseous oxidized mercury (GOM)
from local sources with shorter lifetimes (5, 6). Deciphering
the origin of pollution (global, regional, or local sources) or
natural sources is crucial for developing policies for control-
ling mercury emission or deposition from human activities
(2). However, tracing anthropogenic sources of heavy metals
in amultiple source environment is currently a difficult task.
Therefore, many such studies have been conducted around
a single point source of pollution using multielement
geochemistry (7, 8 oran isotopic approach. The latter mostly
comprise Pb isotope tracing, but more recently other heavy
metals such as Cd (9), Zn (10, 11), and Hg (12) were used as
well. Identifying anthropogenic atmospheric sources using
Pb isotopes measured in lichens, rain, and snow is possible
because the compositions of potential sources are known
(7, 13—16).

Mercury possesses several physicochemical features that
may be used to understand and investigate pollution issues.
Mercury concentration combined with its speciation are used
to document the presence and the potential toxicity of a
contamination. A third dimension of investigation has
recently become available with the precise measurement of
Hg isotope ratios, which shows that mass-dependent frac-
tionation (MDF) of Hg isotopes could be used to trace
anthropogenic emissions (12, 17—19) as well as natural
sources (20—26). A fourth aspect has been recently added
with the discovery of mass-independent fractionation (MIF)
of Hg isotopes during photochemical or nonphotochemical
reduction (22, 27, 28) as well as physical (29) and chemical
(30) processes. Such MIF anomalies may be used to identify
fractionation processes or sources in natural environments
(18, 31—36). Combining these different analytical levels and
scientific concepts would yield a deeper view of the complex
issue of the origin and fate of Hg pollution in the environment.

This study reports the mercury isotopic composition of
atmospheric matter recorded in lichens, sampled over a
territory of 900 km? that contains multiple sources (anthro-
pogenic and natural) and that was divided into four major
geographical areas (rural, suburban, urban, and industrial).
Sampling was performed over a period of nine years. The
aim of the study is to show that MDF as well as MIF of Hg
isotopes can discriminate multiple atmospheric sources and
thus trace sources of environmental contamination.

Material and Methods

This study presents the Hg isotopic composition of lichens
located in the northeast of France and covering an area of
around 900 km? (400 000 inhabitants). The main urban
area is the city of Metz with 130 000 inhabitants (42 km?).
Flatlands border this city to the south, east, and west, whereas
an important industrial valley starts to the north of the city
and continues to the Luxembourg border. Main wind
directions are SW and NE (16). The territory was divided into
four major geographical areas according mainly to the
presence or absence of industrial/human activities (see
Supporting Information (SI) Figure SI-S1). The four areas
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are (1) Rural Area (RA, four sampling sites), (2) Suburban
Area (SA, nine sampling sites), (3) Urban Area (UA, five
sampling sites), (4) Industrial Valley (IV, five sampling sites).
Within the IV, two lichens were sampled at two different
industrial sites (I, two sampling sites). Eight species of
epiphytic lichens were used for this study and sampled over
aperiod of nine years (2001, 2003, 2006, 2008, and 2009). The
Hg isotopic compositions of some of the lichens presented
in this study were previously presented in Carignan et al.
(33) (see SI Table SI-S1). Additional descriptions of all of
these areas, types of lichens and sampling procedures are
given in the SI.

Furthermore, particular attention was focused on a
sampling site located within the suburban area (see SI Figure
SI-S1). This point (CP-27) was identified as anomalous
because ofits high Hg concentration throughout the sampling
years, with Hg contents three to four times higher than the
average reported in all other geographical areas (see SI Table
SI-S1 and results and discussion). Specific sampling of five
lichens around this point was conducted in order to delimit
this specific area. Additional descriptions concerning this
contaminated point and the lichens sampled around it are
given in the SL.

Lichens were freeze-dried according to the method
described in Carignan and Gariepy (13) or dried at 105 °C
and digested according to the method described in Estrade
etal. 2010 (37). Hg concentrations were measured using either
gas-chromatography coupled to ICP/MS or a solid Hg
analyzer, as described in the SI. Isotopic analyses were
performed using the MC-ICP-MS Nu Plasma HR (Nu Instru-
ments) at the IPREM/LCABIE, Pau. Isotopic compositions
are reported as recommended in Blum and Bergquist (38)
relative to the NIST SRM 3133 Hg solution as defined for the
2021198Hg ratio:

202/198Hgsample

202/198 —
0 (%O)sample/NISTSISS - 202/]98H
Enist3133

- l) x 1000

Mass independent fractionations measured on the odd '**Hg
and ?Hg isotopes are expressed according to the definition
of AHg (%0) and A*"Hg (%o):

A199Hg(%0) = (SlggHgmcasurcd —0.252 x 6202Hgmcasurcd

AZOIHg(%O) = 6201Hgmeasured - 0'752 X 6202Hgmeasured

The external reproducibility of the method for this study
was determined by 28 measurements of the secondary
monoelemental reference material CRPG-RL24H. The two
standard deviations measured were 0.19%o on the ¢*?Hg,
0.05%0 and 0.07%o0 on the A™Hg (%0) and A®'Hg (%o),
respectively. Analytical settings, analytical reproducibility of
secondary monoelemental reference materials (CRPG-RL24H
and UM-Almaden) as well as lichen BCR-482 reference
material are reported in SI Table SI-S2 and discussed.

Results and Discussion

Long-Term Trends in Hg Concentrations in Lichens.
Lichens in UA, SA, and RA were analyzed for their concen-
trations and are presented in SI Table SI-S1 and in SI Figure
SI-S2 relative to the year and the lichen species. Relative
standard deviations on the average concentration for indi-
vidual points over the years of the study did not exceed 17%
for a given lichen specie (UA-21, SA-07, SA-24, and RA-10.
SA-12 excepted, see SI) and 24% when considering all lichen
species sampled (UA-18, SA-14, SA-29, and RA-35). Moreover,
no difference in concentration was measured between two
different fruticose lichen species sampled the same year at
a given site (RA-01). Furthermore, no significant trends

showing systematic increase or decrease in concentrations
with time were observed (SI Table SI-S1 and Figure SI-S2).
These results suggest that Hg concentrations did not show
significant evolution through the years and that the different
lichen species sampled may be considered as an homoge-
neous data set. For each geographical area, a representative
Hg content was estimated by averaging the concentrations
of all lichens retrieved since 2001. Hg concentrations in
lichens in UA, SA, and RA displayed average values of,
respectively, 108 + 24 (SD, n=8), 106 & 17 (SD, n=15), and
108 + 34 (SD, n=9) ng-g'. Regarding lichens sampled only
in 2009 within the industrial valley (IV), the average con-
centration was found to be 108 + 24 ng-g! (SD, n=5). No
significant difference was found between these average Hg
concentrations (one-way ANOVA, F = 0.0264, p = 0.9941,
see SI). Lichens sampled at two industrial sites (I) presented
an average concentration of 97 + 26 (SD, n=2), which is also
in the range of all other areas. Thus, it appeared that Hg
concentrations in lichens remained unchanged over a period
of nine years and over a territory of 900 km? including various
Hg emission sources (urban, industrial, natural).

Heavy metal uptake by lichens occurs by different
processes such as wet, and particulate deposition but also
results from gaseous adsorption. Accumulation in lichen
implies very complex processes and is known to occur
differently from one lichen to another (39, 40). In the case
of mercury, the dominant specie (GEM) is homogenously
distributed in the global atmospheric reservoir, but next to
the anthropogenic sources, lichens may preferentially sample
oxidized and particulate Hg emitted by the chimneys. Horvat
et al. (41) reported that the Hg content in lichens was a
function of the contamination at the sampling site. However,
Guevara et al. (42) reported that Hg concentrations in lichens
from some background sites may be higher than samples
located in contaminated sites (see also Garty et al. (39) for
acompilation of Hg concentrations in lichens). Furthermore,
Carignan et al. (33) reported high concentrations (around 2
ug-g Y for lichens sampled in pristine areas of Canada
(Hudson Bay) compared to samples retrieved from the Abitibi
mining district further south. This may be explained by the
high content of halogen elements in the atmosphere of the
Hudson Bay area (43, 44) that would oxidize GEM and
enhance the deposition rates and fluxes from the air to the
lichens (45). Total gaseous mercury (TGM) concentrations
measured in the Hudson Bay area are close to 2 ng-m ™ (46),
very similar to our preliminary results for TGM measurements
in the UA of Metz. The order of magnitude difference in
lichen Hg content between the Hudson Bay area and Metz
may be directly related to the abundance of oxidant elements
present in the atmosphere. In contrast, lichens from the
Abitibi mining area, 600—700 km inland south of Hudson
Bay, yielded lichens having Hg contents only 2—3 times higher
than those measured in Metz (45). The fact that Hg
concentrations in lichens are very similar in space and time
may indicate that there is no significant contrast in oxidant
concentrations in the atmosphere of the Metz area.

Long-Term Trends in Isotopic Composition of Hg in
Lichens. The Hg isotopic composition measured in lichens
from all the sampling sites in function of the year and the
species are presented in SI Table SI-S1. For all lichens, even
isotopes (**’Hg, °Hg, *®Hg) had relative abundances that
follow a mass fractionation trend (MDF), whereas, odd
mercury isotopes (*""Hg, '%Hg) deviated from the MDF
relationship suggesting MIF. The ¢**?Hg values measured in
alllichens ranged from —0.4 to —2.3 %o. Recorded odd isotope
anomalies were negative, in agreement with literature values
reported for other lichens or mosses (32, 33) and ranged
from —0.13 to —0.61%o for the A¥Hg, with similar values for
A®™Hg. In addition to biophysico-chemical processes, which
can fractionate Hg isotopes directly within the source (natural
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TABLE 1. Average Concentrations and Isotopic Compositions (MDF and MIF) in Lichens for the Individual Geographical Areas

Hg range  Hg average
Sample Name m?  n?  (ngg7) (ng.g™") 6"Hg
industrial sites 2 2 78-115 97 —1.90
industrial valley 49 5 82-148 108 —2.07
urban area 5 8 88-151 108 —0.95
suburb area 8° 15 76-163 106 —1.00
rural area 4 9 77177 108 -1.27

2SE  A™Hg 2SE  A®Hg 2SE  A"™Hg/A®Hg  2SE
019 -0.15 005 -0.16 0.7 0.94 0.16
021 027 005 -030 0.07 0.92 0.09
029 -028 005 -038 0.07 0.73 0.03
019 -039 005 -046 0.7 0.86 0.04
023 -050 0.05 -054 0.07 0.93 0.0

?Number of sampling sites throughout the years

in each geographical area. ” Number of lichens used to calculate

average concentrations and isotopic compositions. ° SA-12 was removed from the calculations see SI. ¢ 1V-49 was removed

from the calculations see SI.

or anthropogenic), transport as well as deposition processes
of atmospheric Hg involving photochemistry, oxidation, and
phase changes may also fractionate Hg isotopes. However,
whereas the amplitude of fractionation is known for some
reduction reactions, no data are available yet concerning the
reactions that lead to Hg? oxidation.

In this study, the sampling was a function of the
geographical area, the time as well as the lichen specie. SI
Figures SI-S3 and SI-S4 report, respectively, the §?*?Hg and
the A™Hg for each sampling point as a function of the year
and the lichen specie. Comparison of the §2?Hg and A'**Hg
for the same lichen specie over the years indicates no
significant changes for UA-21 and SA-24 and slight changes
for SA-07 and RA-10. For a given year, comparison between
different lichen species indicates no significant differences
in 6**2Hg for sites UA-18, RA-35, and RA-01 or in A'*Hg for
sites UA-18, SA-14, SA-29, and RA-35. Slight differences in
0*%?Hg were observed between species for sites SA-14 and
SA-29 and in A'Hg only in site RA-01. Hence, similar to Hg
concentrations, Hg isotopic compositions do not show any
temporal trend and are not biased by the lichen specie
analyzed. While further investigations remain necessary to
better understand and constrain Hg uptake by lichens and
associated isotopic fractionation, it appears that the Hg
isotopic compositions of lichens at various sites are repre-
sentative of the atmospheric Hgsampled by the lichen. Thus,
isotopic compositions were averaged for all of the lichens
collected at a given site throughout the years, as was done
for concentrations. The average Hg isotope composition
measured in lichens from the individual geographic areas is
presented in Table 1. The $*?Hg was variable within a given
geographical area, with a dispersion of ca. 1%o for some zones.
Differences between the average 6?*?Hg values of lichens in
UA, SA, RA (—0.95 %o, —1.00 %o, —1.27 %o, respectively) were
found to be insignificant (p = 0.1141). Contrary to Hg
concentrations, which did not differ between zones, the
average 0°?Hg value of lichens from the IV zone was
significantly lighter (—2.07 %o) than those measured for the
three nonindustrial areas (p < 0.0004). Furthermore lichens
sampled at the two industrial sites (I) within IV displayed
similar 6*?Hg (—1.90%o). This suggests that the Hg taken up
by the lichens in the industrial area had different emission
sources from that found in the urban, suburban, and rural
areas. Furthermore, average A'**Hg measured in IV, UA, SA,
and RA (see Table 1) were found to be significantly different
from one area to another (p < 0.0017), also suggesting the
contribution of different mercury sources.

0Odd isotope deficits in lichens are believed to be
representative of atmospheric Hg, which is the complemen-
tary reservoir of aquatic Hg in terms of isotope fractionation
(33). This is because Hg(II) photoreduction of the aquatic
reservoir yields positive A'**Hg and A2°'Hg for residual Hg(II)
with a A'¥Hg/A?'Hg close to unity (22), whereas Hgin lichens
have negative A”Hg and A*'Hg, also with a A!Hg/A?*"'Hg
close to unity. The magnetic isotope effect (MIE) is respon-
sible for these anomalies (22). Whereas lichens sampled in
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FIGURE 1. Average isotopic anomalies plotted as A'®Hg vs
A™Hg for the lichens sampled over the years 2001, 2003, 2006,
2008, and 2009 in the studied area. Rural Area (RA; ¢), Suburban
Area (SA; M), Urban Area (UA; a), Industrial Valley (IV; @),
Industrial sites (I; O). In such an end-member model approach,
a less negative odd isotope anomaly corresponds to a higher
contribution of direct anthropogenic emissions.

I, IV, RA yielded A'*Hg/A*'Hg ratios falling on the 1:1 line
(Figure 1), significant deviations were observed for all the
lichens sampled in UA (average A'“Hg/A?"'"Hg = 0.74 & 0.04
2SE, n = 8) and some lichens in SA. The ratio of anomalies
suggests a higher 2*'Hg deficit that is not in agreement with
theoretical as well as experimental works which both suggest
ratios between 1 and 1.3 for the MIE (22, 27, 47). Ratios
between 1.6 and 2.45 are expected for the nuclear field shift
effect (NFS) according to the nuclear charge radii used in the
calculation (28—30, 32, 47).

Thus, all A¥*Hg/A?'Hg ratios close to unity measured in
lichens may readily be explained by MIE. However, A'“Hg/
A®Hg ratios lower than unity have rarely been reported in
the literature (32). In the MIE theory, the amplitude of the
odd isotope anomalies may be related to the absolute value
of the magnetic moments of '*Hg and ?*'Hg (0.5029 and
0.5609 ug respectively). The resulting A'**Hg/A?'Hg ratio
should be close to unity because of the similarity in the
absolute magnetic moment values. However, the amplitude
of anomalies may be controlled by other processes such as
electron charge density and nuclear volume (48). The relative
contributions of these processes according to the type of
reaction may resultin various A'Hg/A2"'Hgratios (27, 28, 49),
possibly lower than unity. Alternatively, mixing of Hg affected
by MIE and NFS from two different reservoirs may yield
apparently low ratios. Such processes have not yet been
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identified in natural environments or demonstrated in
experimental studies. Our findings indicate that more work
is needed to understand MIF processes.

End Member Model Mixing Approach. Lichens from the
RA displayed the largest anomaly with an average A'%Hg of
—0.50 %o & 0.05 (2SE, n = 4), followed by that of the SA with
—0.39 %o £ 0.05 (2SE, n = 8). Lichens from both the UA and
IV displayed average A**Hg of —0.28 + 0.05 %o (2SE, n=5)
and —0.27 £ 0.05 %o (2SE, n=15), respectively. Finally, lichens
sampled at industrial sites (I) within IV had A'%*Hg of —0.15
=+ 0.05 %o (2SE, n = 2). The largest anomaly measured in
lichens from remote areas yielded A'**Hg of ca. —1%e., which
was interpreted as the isotopic composition of the global
atmospheric pool (33). Thus, any intermediate values be-
tween —1 and 0%o may be viewed as mixtures between the
global atmospheric pool (natural and/or anthropogenic Hg
that cycled through photoreduction in both aquatic and
terrestrial environments) and an end-member with no
anomaly, possibly direct anthropogenic emissions. This is
because most Hg or Hg-containing ore rocks and industrial
materials display no Hg isotopic anomaly (19, 20, 23, 37). In
this study, the fact that lichens sampled on industrial sites
(D), had the smallest anomaly suggests that Hg originated
mainly from nearby anthropogenic sources. This is also
supported by very high Fe and other metal enrichment factors
compared to other sites (~4-fold for Fe/Al and 3- and 7-fold
for Cr/Al and Pb/Al respectively) shown by our preliminary
unpublished data. Also, the measured A'Hg value decreased
with increasing distance from direct Hg anthropogenic
sources to reach the most negative value in the rural area.
These results reinforce the hypothesis formulated by Carignan
etal. (33) concerning the end-members of the mixing model
for the Hg isotopic composition in the atmosphere. Assessing
therelative contributions from these two end-members may
be possible assuming that the isotopic compositions of the
Hg derived from the two mixing sources remained unchanged
during transport and deposition. Currently, no data are
available for photooxidation of GEM prior to its deposition,
or oxidation in clouds, that may lead to MIF. Moreover, it is
likely that lichen close to the stacks in the industrial valley
did not sample the same Hg fraction as that sampled by
lichens in other areas (probably more GOM and particulate
Hg contribution in IV than other areas like SA and RA).
Furthermore, whereas Carignan et al. (33) estimated that the
global atmospheric Hg pool involved odd isotope deficits
around —1%o (A'%'Hg), Sherman et al. (36) investigated the
isotopic composition of total gaseous mercury (TGM) in the
arctic region and did not find significant negative isotope
anomalies. However, these latter measurements represented
the instantaneous isotopic composition of the atmosphere,
whereas lichens sampled long-term deposition and adsorp-
tion of atmospheric Hg. Nevertheless, there is a possibility
that the isotopic composition of the atmospheric pool varies
with the geography. Currently, there are no data available on
the isotopic composition of TGM in the city of Metz or in the
surrounding areas. Because rural areas include a smaller
proportion of direct anthropogenic sources, to a first ap-
proximation, an alternative end-member composition of
—0.6%o (the lower A%Hg value in RA) can be suggested for
the local/regional atmospheric pool. However, such a
composition would imply that rural areas did not integrate
Hg from direct anthropogenic inputs (such as those from UA
orIV). Thus, considering that the atmospheric pool may vary
at least between —0.6 and —1%eo, the contribution of direct
anthropogenic sources to the total Hg measured in lichens
would range from 50 to 75% in the lichens in UA.

Coupling MDF and MIF Anomalies in Lichens. Figure 2
presents A"Hg plotted against 6**?Hg and composition fields
forindividual studied areas. Although lichens sampled within
the IV area had slightly lower A'%Hg values, they displayed

0 T T T
— 025 |
3 }
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(@]
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-0.75 . 1 . 1 . I . 1 .
25 2 A5 - -05 0
202
& "Hg (%o)

FIGURE 2. A™Hg versus 6*Hg for the lichens sampled over
the years 2001, 2003, 2006, 2008, and 2009 in the studied area.
Symbols as in Figure 1. MDF combined with MIF show
significant differences in the signature found in IV and UA both
affected by the same isotopic anomalies.

very similar 6**’Hg to those measured in lichens sampled on
industrial sites (I), suggesting that Hg deposition within the
valley mainly originates from the local industries. On the
other hand, although having similar A'¥Hg, lichens from
the UA have an average 6°*?Hg values shifted toward heavier
Hg, suggesting that Hg deposited from the atmosphere in
the UA did not originate directly from the industrial valley.
Thus, considering alteration of the isotopic composition
during transport to be insignificant, direct anthropogenic
input would have different sources in the IV and in the UA.
Indeed, numerous potential anthropogenic sources may be
present in the UA, such as domestic heating systems, small
industrial complexes, commercial activities, road traffic, etc.
As suggested by the similar ¢*?Hg values, the direct an-
thropogenic contribution to atmospheric deposits in the SA
and RA zones would also be of urban origin, and not
“industrial” from the IV zone. This might be explained by the
topography of the area and the main wind directions (SW
and NE).

Figure 3 presents the average compositions of lichens in
a A'"Hg versus 0**?Hg diagram. Lichen from the I and IV are
individualized from the other zones suggesting again a
different origin for Hg in the atmospheric deposits of these
sites. The alignment of the data points in the two subgroups
may be used to tentatively estimate the compositions of the
source end-members. In such a scheme, anthropogenic Hg
from the UA and the IV would have a similar A**Hg close
to zero but different 6**?Hg values of —0.40 %o and —1.75 %o
respectively. Indeed, although lichens from the remote area
close to Hudson Bay (Canada) have a A'¥Hg close to —1%o,
0*?Hg is closer to 0%o. Adding these results to the diagram
of Figure 3, a general negative relationship may be observed
between A'"Hg and §?*?Hg. Nevertheless, the scatter of the
data points for the present study may suggest that more than
two Hg sources are involved: the local/regional atmospheric
pool, the industrial pool and an “urban” pool. Thus, whereas
the Hg concentrations may be homogeneous throughout a
large part of the atmospheric reservoir, the Hg isotopic
composition (MDF and MIF) in the atmosphere is certainly
representative of the site (contribution of natural versus
anthropogenic sources). These end-members need to be
verified but the combination of MDF and MIF is certainly
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FIGURE 3. A"™Hg versus ¢™Hg for each individual
geographical area. Symbols as in Figure 1. Relationship
between RA, SA, and UA suggests mixing between urban Hg
with 6™ Hg; A'Hg of —0.40%.; 0%, and the local/regional
atmospheric Hg pool having a lower A'Hg value. End-member
in IV is significantly different from that reported for the urban
area with a 0®?Hg; A"Hg of —1.7%.; 0%.. For comparison open
triangles are lichens from the horeal forest of Québec (33) and
open crosses are TGM in Barrow, Alaska (36). The distribution
of the data points may be explained by a multisource system
involving primarily Hg from industrial sources and the local/
regional atmospheric pool.

useful for discriminating specific anthropogenic sources from
the global atmospheric Hg pool.

Tracing a Mercury Point source. Lichen sample CP-27
(SIFigures SI-S1 and SI-S5 and Table SI-S1) displayed elevated
Hg concentrations throughout the years (average [Hg] of ca.
400ng-g ). Furthermore, a distinct positive 62*?Hg averaging
+1.38%o (2SE, n = 4) was measured. These results contrast
with all other Hg concentrations and isotopic compositions
measured in the studied area and CP-27 was thus considered
as a contaminated point. Samples from surrounding localities
have Hg concentrations and isotopic compositions typical
of the suburban area (SA/ACP 38—39—40—41). One sample
(SA/ACP 42) located within 200 m of the contaminated point
presented intermediate Hg concentration and isotopic
composition ([Hg] = 196 ng.g™! and §?®?Hg = +0.46%o, see
SI Table SI-S1 and Figure SI-S6). Details on these particular
sampling sites are given in the SI. The relationship between
the contaminated point (CP-27), the intermediate point (SA/
ACP 42) and the suburban average (mean of SA/ACP
38—-39—-40—41) is linear in the ¢***Hg vs 1/[Hg] diagram
presented in Figure 4, strongly suggesting physical mixing
between two mercury sources having distinct isotopic
compositions and concentrations. The Hg-rich point source
would have a high 6*?Hg > 1.5%o (Figure 4). A surprising
observation is that these three points (one corresponds to
the average suburban composition measured on five lichens)
have negative A**Hg anomalies of ca. —0.45%o suggesting
that MIF was already developed in the contaminant source/
emission (SI Figure SI-S7). The exact nature of such a
contamination is not known for now but our results strongly
support the effectiveness of Hg isotopes for identifying various
sources and types of emissions of atmospheric mercury.
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FIGURE 4. Data from the contaminated point (CP-27, open +
sign), intermediate point (SA/ACP 42,v) and average suburban
point (SA/ACP 38-39-40-41, A) in a 6Hg vs 1/[Hg] diagram
suggesting physical mixing of two sources. The dispersion of
the Hg-rich contaminant did not exceed 200 m.
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Lichens sampling description

In order to assure homogeneity of the sample and to perform multiple elemental and
isotopic analyses, between 3 and 25 g of lichens hanging on tree branches were collected. The
quantity sampled depended upon the lichen abundance at the sampling site. The sampling area
at a given site depended also upon the lichen abundance and ranged from 100m” to around
1000m?. Lichens were sampled between ground level and 2 meters high.

Living lichens were sampled mainly on thin tree branches (2 to 5 years old depending on
the tree). Hence, we estimated that the age of the lichens sampled at a site may range from 2
to 5 years. The sampling of a large amount of material was aimed to recover homogeneous
age fractions of lichens at each site.

When available, different species were separated at a given site. Indeed, because lichens do
not have the same behaviour regarding atmospheric air composition, the same species were
not present at each sampling site. Some lichens are airborne pollution sensitive (e.g. Usnea
species) whereas others are pollution tolerant (e.g. Xanthoria Parietina). Thus, depending on
the sampling site and the lichen diversity and abundance, 4 fruticose species (Usnea sp (US),
Ramalina farinacea (RF), Evernia prunastri (EP), Pseudevernia furfuracea (PF)) and 4 foliose
species were sampled (Hypogymnia physodes (HP), Physcia tenella (PT), Xanthoria parietina
and/or polycarpa (XP)). Furthermore, several fruticose species could have been mixed (Mix
F) to satisfy a sufficient amount of matter for homogeneity and analytical issues.

Lichens were sampled with gloves and plastic tweezers in order to avoid contact and
inclusion of tree bark (specifically in the case of foliose species sampling). Then, samples
were put into polyethylene bags prior to sample proceeding.

For most of the sites, sampling was done over the years 2001, 2003, 2006, 2008 and 2009.
In total, the Hg isotopic composition of lichens was investigated at 31 sampling sites (Figure

SI-S1) corresponding to 51 lichen samples analyzed. 10 of the 31 sampling sites
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(corresponding to 19 of 51 lichen samples) were already presented in Carignan et al. (33).
Information about type of lichen, sampling year and area, concentration and isotopic

composition are given in Table SI-S1.

Sampling Sites Description

The region of study was divided into four major areas and one sub-area based (see Figure
SI-S1) on quantitative criteria such as the inhabitant density, the presence or absence of
industries, the proximity to anthropogenic emissions (road, commercial activities), the
topography, the distance to the city of Metz, the density of forests and agricultural fields.
Subdivisions identified were: rural area (RA), suburban area (SA), urban area (UA), industrial
area (IV) and one sub-area located within the I'V: industrial sites (I). In addition, one site with
high Hg content measured in lichens drew our attention. Surroundings of this "contaminated
point" (CP) located within the suburban area (Figure SI-S1) were sampled more intensively
(SA/ACP). Descriptions of all these areas are given below.

Urban Area (UA, 5 sites). Sampling of the five lichen sites was done at the fringe of the

historical centre, mainly because of the quantity of lichen available (distance from the city
centre was less than 3 km). The population density within the urban area is 3000 inhab/km?.
Within this area, anthropogenic Hg sources may be multiple including domestic heating,
urban traffic, one municipal waste incinerator, one coal and gas fired power plant.

Suburban Area (SA, 9 sites). This area is located between the rural area and the urban

area (between 3 and 10 km from the city centre). With a density of inhabitants far less than in
the urban area lichens were always sampled close to important roads or road connexions.
Main anthropogenic Hg sources are a large coal fire power plant (500 MW) at the north of the
city of Metz (in front of SA-12 sample, see Figure SI-S1), one waste combustor and domestic

heating.
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Rural Area (RA, 4 sites). This area comprised four sites sampled at a minimum of 12

Km from the city of Metz. Lichens were sampled at the edge of small woods surrounded by
large cultivated fields and far from any roads, industrial activities or housing areas. Other than
agricultural use (fertilizer, pesticides...), direct anthropogenic sources are scarce. Natural
source emissions, such as soils or vegetation may be significant.

Industrial Valley (IV, 5 sites). The area covered in this study is the Southern part of the

largest French industrial valley (Mosellan Valley), from Metz to Luxembourg. The studied
area was located within the Orne Valley, which comprised an important number of iron mines
and steel and iron factories. All the iron mines as well as many of the factories located within
this valley were progressively closed during the 70-90's. Nevertheless, some large factories
remain still active in the valley. Lichens IV-45 and IV-48 were sampled at the bottom of the
valley (160 m elevation) whereas IV-46 and 1V-47 were sampled at the top of the hills (250
and 350 m elevation respectively). [V-49 was sampled at a reconverted industrial site (now a
large commercial mall).

Industrial sites (I, 2 sites). Two lichens were sampled at two different iron and steel

factories still in operation at the time of the study, located within the industrial valley (IV). I-
43 was sampled at the factory (steel industry and agglomerates) located in the town of
Rombas (160 m elevation). Lichens were sampled just behind the fences of the factory on the
west and south sides at around 50 to 100 meters of the stacks. [-44 was sampled at the factory
(blast furnaces) located in the town of Gandrange (160 m elevation). Lichens were sampled
just behind the fences of the factory on the south side from 50 to 200 meters of the stacks. For
these two sites the foliose and fruticose lichen diversity was very low. Only two foliose lichen
species were observed with a high abundance and identified as xantoria parietina and/or

xantoria polycarpa (XP). Xanthoria parietina is known to be highly tolerant to airborne
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pollution such as acid rain and heavy metals and thus are characteristic lichens found in the
polluted area.

Contaminated point (CP-27, Figure SI-S5, 1 site) and Suburban Area Around the

Contaminated Point (SA/ACP, Figure SI-S5, 5 sites). This point is located in the suburban

area as shown on the general map (see Figure SI-S1). The contaminated point (CP-27) was
found next to an agricultural field, a small wood, several houses and a highway, including a
service area about 1 km away (Figure SI-S5). Lichens from this site have Hg concentrations
ranging between 350 and 450 ng.g™" over the years 2001 to 2008 (see Table SI-S1). In order to
trace the dispersion of Hg around this site, five lichens were sampled covering an area of 2

km? (see Figure SI-S5).

Analytical Methods

All the lichens (other the ones reported in Carignan et al. (33)) were dried in the laboratory
(105°C during at least 24 hours) or freeze-dried according to the method reported by Carignan
and Gariépy (/3). Between 0.5 and 1.5 g of dried matter was introduced into 6 ml of
concentrated HNOs prior to achieve the high temperature and high pressure digestion method
applied to the lichen reference material BCR-482 described in Estrade et al. (37).

Hg concentrations of lichens sampled from 2001 to 2008 were analysed after digestion
using Gas chromatography-isotope-dilution coupled to Thermo-Finnigan X2 ICP-MS (Institut
Pluridisciplinaire de Recherche sur I'Environnement et les Matériaux (IPREM) in Pau)
according to the method described in Montperrus et al. In order to assure 100% digestion
yield, multiple digestions of the lichen reference material BCR-482 were performed as well as
digestion of lichens already analysed in Carignan et al. (33) (e.g. RA-10, RA-35) and
duplicate of digestion (RA-01) (see Table S1). Hg concentrations of lichens sampled in 2009

were determined on dry material by using the mercury analyser Milestone DMA-80®. Here,
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multiple digestions of the BCR-482 were also done as well as digestion duplicate (e.g. [V-47).
Digestion yields were directly measured comparing the intensity of the sample relative to the
reference material NIST 3133 in the same acidic matrix on the MC-ICP-MS before the
isotopic analysis.

The isotopic compositions of lichens were analyzed by using a cold-vapor generation
system (home-made gas-liquid separator, see Estrade et al. (37)) coupled to a Nu Plasma HR
(Nu Instruments, UK) MC-ICP-MS at the IPREM/LCABIE in Pau, as described in Estrade et
al. (37). Digested lichens as well as the NIST SRM 3133 reference material "delta zero" were
diluted in a similar acidic matrix (between 10 and 20% HNO; v/v) to appropriate Hg
concentrations (3 to 5 ug.L™") and Hg(II) was reduced on line with 3% w/v SnCl, (Alfa Aesar
NormaPur) in 1 mol.L™' supra pur HCI. The instrumental mass bias drift was monitored by
using the standard-sample-standard bracketing method and NIST SRM 997 Thallium as the
internal reference and corrected with the exponential mass fractionation law. The Thallium
was continuously introduced using a desolvation unit (DSN). Mixing with Hg was done into
the ICP-MS torch using a double input torch. Additional descriptions are provided in Estrade
et al. (37).

Variations in Hg isotopic composition are expressed relative to the standard reference
material NIST SRM 3133, using the delta notation and following recent recommendations for

Hg isotope measurement (Blum and Bergquist (38)):

X/198
0 (%0) sample/NIST3133 — (

where X represents Hg isotopes other than 198. Mass Independent Fractionation (MIF) are
expressed as described in Blum and Bergquist (38)
A199Hg = 6199Hgmeasured - 0252 X 6202Hgmeasured

A200Hg = 6200Hgmmsured - 0'502 X 6202Hgmeasured
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A*'Hg = 8" Hg,guireq = 0752 % 8" HE o psipea

A*Hg=6"Hg, . -1493x8"Hg
For this study the long term external reproducibility of the method was determined by
repeated analyses of the secondary mono-elemental reference material CRPG-RL24H for
which our results were compared to published values in Estrade et al. (37). The external
reproducibility of unknown samples was calculated as 2 standard errors (2SE) of the mean
value (from different brackets of the sample), except when this value was lower than the
external reproducibility of the method. The isotopic composition of multiple digestions (n=5)
of the lichen reference material BCR-482 was in agreement with the value determined in
Estrade et al. (37). Added to these reference materials, we started to run during the last
analysis session the well-characterized UM-Almaden material that showed also results in
agreement with the published values (Blum and Bergquist (38)). All the results are reported in

Table SI-S2.

Statistical calculations

All statistical analyses were undertaken with STATISTICA software, version 5.5 (StatSoft,
USA). The mercury concentrations, 8“Hg, A'”Hg and A*'Hg were tested by one-way
analysis of variance (ANOVA) in order to investigate the effects of sampling areas on the
concentration and isotopic results in lichens (degree of freedom =3). Significant differences
between paired means were determined by Tukey HSD for unequal N (Spjotvol Stoline).
Prior to analysis, homoscedasticity was assessed by Brown-Forsythe test. For all statistical
analysis, the significance level was set at a = 0.05. The dataset tested included geographical
areas UA, SA, RA and IV. Area I was not taken into account because only two samples were

available to perform statistical tests.
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Additional comments on data points removed from calculations

In order to define average isotopic compositions for each individual area, SA-12 was
removed from calculations because of its non-homogeneity between 2003 and 2008. Indeed,
its concentration decreased two fold and the A'”’Hg values changed also drastically between
these two years. This change in concentration and isotopic composition indicated either a bias
in the sampling (e.g. sampling of dead or young lichens) or variation in Hg atmospheric
fallout for this given site. In addition, the point [IV-49 was removed from calculations because
A" Hg measured (-0.39 + 0.05%o) at this point contrasted with the average defined by other
sampling sites in the industrial valley (-0.27%o). In fact, point IV-49 was sampled above a slag
heap, while are all other sites represent converted industrial sites into commercial and
recreational areas since 15 years. Point IV-49 was thus considered as more representative of

the suburban area than of the industrial valley.

Additional comments on the Contaminated point (CP-27) and Suburban Area Around
the Contaminated Point (SA/ACP). This study is located in the suburban area as showed on
Figure SI-S1. The contaminated point was found throughout the years to display an average
[Hg] of 400 ng.g” and a §**Hg, averaging at +1.38 + 0.19 %o associated with a A"’Hg of -
0.49 + 0.12 %o (CP-27, 2SE n=4, Tab. SI-S1). The lichen SA/ACP-42 was sampled in front of
CP-27 on the other side of the highway at c.a. 200 meters away and presents Hg concentration
of 196 ng.g'1 also, high regarding all others lichens of this area (see Table SI-S1 and Figure
SI-S6). Furthermore, this lichen displays a 6202Hg +0.46 = 0.19 %o that is lighter than CP-27,
but heavier than all other lichens from suburban area. It shows a similar A'”’Hg (-0.42 + 0.05
%0) to SA/ACP lichens (see Fig SI-S7). Lichens SA/ACP 38-39-40-41 were sampled over
200m away from CP-27 and show Hg concentrations in the average determined for all others

lichens of the study (80-130 ng.g™', Table SI-S1 and Figure SI-S6) with isotopic compositions
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in the range determined for the suburban area (§**Hg = -1.14 + 0.12%0; A" Hg = -0.42 +
0.05%o and A**"Hg = -0.46 £ 0.06 %o, 2SE, n=4). Figure SI-S7 presents the A'”’Hg versus the
8*Hg of the contaminated point (CP-27) and lichens sampled in the surrounding area. It
clearly shows that this contamination source has a small-scale impact, probably limited to a

few hundred meters.

S9

155



Chapitre 4, partie A, "Isotope tracing of atmospheric mercury sources in an urban area of
northeastern France

Literature cited
Monperrus, M.; Tessier, E.; Veschambre, S.; Amouroux, D.; Donard, O.,
Simultaneous speciation of mercury and butyltin compounds in natural waters and snow by

propylation and species-specific isotope dilution mass spectrometry analysis. Anal. Bioanal.

Chem. 2005, 381, (4), 854-862.

S10

156



ic mercury sources in an urban area of
northeastern France

f atmospher

ing o

Chapitre 4, partie A, "Isotope trac

LIS
8.0 GO 000 00 6¥0- 900 #00 SO0 8€0- 620 v60- 6L'0 L90- €10 660 600 0£0- 00 SSO g L 6 16 d3 800z €I-VS
9.0 S0 900- €Z0 8€0- 900 100 SL'0O 620- 620 2ZbZ- 6L0 65L- €10 8SL- 600 €L0- 100 690 a9y €zl ZI-vs
6.0 GL'0O 900- 100 LZO- 900 900 GO0 LZ0- 620 <Zbe- 6L0 8SL- €10 SFL- 600 €L0- 00 190 g L €8 dH 800 ZI-VS
€20 05°0- 800 9¢°0- 191~ LLL- €10 1170 v | €9l dH €00Z 9zZl-vS
G680 G0 SL0- 20 #¥0- 900 900 €10 8€0- 620 €€ 220 ¥60- LZO0 S~ €10 L0~ L0 290~ Ll ¥6 L0-VS
080 GO GL'O- 00 SE€O0- 900 00 GO0 820 620 €€L- [Z0 6L0- 020 +60- €L0 2EO0- 2LO 8¥O- g z 8L d3 800z /0VS
88°0 05°0- 100 Y0~ 26°0- 6lL- 6£°0- 19°0- v L €6 d3 900z L0VS
88°0 610 ¥0°0 £v0- oLL- zeL- 150 1270 v L 0Ll d3 €002 Z0VS
(vs) easy quingng
6.0 GL'0O 600- 00 L£0- 900 SO0 SO0 620- 620 <2LO0- 6L0 Z¥o- €10 690 600 9L'0- 00 OFO- g L €l 62l d3 8002 Si-vn
¥L°0 S0 2000~ 100 9€0- 900 #00 SO0 920~ 620 vO'l- 6L°0 S9°0- €0 S80- 600 820 00 E¥O- g z Sl ISL 43 800z 9I-vNn
L0 S0 L0 200 ¥¥O- 900 00 SO0 LEO- 620 €€~ 120 ¥60- 020 SL'L- 600 €v0- 00 SSO- 9 26 8l-vn
190 GO LLO 200 LPO- 900 SO0 SO0 820 620 €€L- 6L0 260- €10 v~ 600 ¥¥O- L00 2SO~ g ! 98 d3+sn 8002 8L-VN
120 L0 200 ze0- 610~ 86°0- 9€°0- 160 v } €6 d3 900z esl-vn
690 6v°0- 900 ¥€°0- LLoL- eelL- 05°0- 29°0- v L 16 dH €002  8i-vNn
9.0 SL'0O 800- 00 L¥O- 900 100 SO0 LEO- 620 SS'L- 6L'0 660- €0 SL'L- 600 6V0- 00 950 g z €l ¥EL 43 8002 Ll-vNn
69°0 1000 €£0- 600 0L0 €00 €20 81’0 9€l- 00 SE€L- 8L0 850~ 100 LSO z 06 1z-vn
89°0 GE0- €10 ¥Z'0- 0g' k- eeL- 2570 1570 v L 16 dH 9002 LZ-vN
1270 0€°0- 100 220" ZrL- 181" ¥9°0- 1570 v L 88 dH 1002 ViZ-vNn
(vn) eaay uequn
BH, .V 6 6 6 6 6 6 6 6 6 I (%) (B Bu) aipads aweN
BV 3sz BH,,v 3SZ BH,,,V 3ST BHyV 3ST BHeV 3SZT BH,Q@ 3ST BH,Q 3ST BH,Q 3ST BH? 3IST BHQ ofPms U G0 Vg T o0 “BPA S hueg

Apnys ay) jo seaue |eoiydelsfoab Juaiapip ayj uo pajdwes suayoij Jo suonisodwos adojosi Aindiaw pue suonesjuaduod BH ‘suayai| jo adAy ‘aeak Buidwes jo Alewwng :1S-|S 319VL

SA1dV.L

157



in an urban area of

IC mercury sources

f atmospher

ing o

Chapitre 4, partie A, "Isotope trac

northeastern France

CIS

060 SO #00- 200 6S0- 900 Y00 900 €50- 620 O0SL- 6L0 20 €10 SEL- 600 PO~ 00 6.0 vz 9gl SE-vy
160 95°0- 000 150 AN s 19°0- z8°0- v L 16 SN 900z 9SE-vd
260 SO 800- Z00O 090- 900 00 SO0 SS0- 620 89k 6L0 LOL- €L0 OFL- 600 L¥O- L00O Z80- 9 L /L dd‘d3 €00z  Se-wd
€60 G9'0- ¥0°0 19'0- 060 £e1- L0~ ¥8°0- v L 0€l d4d‘d3 €00z Ge-vd
G680 €10 000 €00 GSS0- 900 Y00 OLO 9Y0- 9¥0 €€ 220 680- 6L0 2L LLO O¥O0- 9L0 690 q z Obl d4d‘d3 100z Ge-vd
260 SLO L0 0LO PSO- 200 €00 LLO 0S0- 620 LL'Z- SZO 9L 820 SLL- 6L0 8.0~ LLO 060 z 8 0l-vy
160 G0 L0 200 6¥0- 900 900 SO0 PrO- 620 LL'Z- 6L0 6¥L- €10 L9Lk- 600 690- L00 Z80- q L 88 d4d‘dd €002 OL-vY
¥6°0 650 000 G5'0- vLL- 681" 88°0- 66°0- v L G8 d4d‘d3 €002 VYOIV

(vy) eausy [eany
080 S0 900- 00 €50- 900 00 SO0 Zv0- 620 v6L- 6L0 9ZL €10 8FL- 600 090~ 00 vLO- q L L 80l d4XIN 8002 6L-VS
680 SLO 000 200 9¥0- 900 10O SO0 LyO- 620 LI 6L0 ZLL- €10 OEL- 600 SSO- 200 690 4 €8 yzZ-vs
860 SL'O 000 Z00 L¥O- 900 LOO- SO0 L¥O- 620 LLb- 6L0 vlL'b- €10 ZZ)h- 600 850~ L00O 690 9 L 06 d3 800z ¥Z-vS
6.0 150 €00 L¥0- 60°L- veL- z50- 89°0- v L 9. d3 900z tZ-vS
L0 S0 800- 200 8yO- 900 200 SO0 9E0- 620 LSL- 6L0 S60- €10 0ZL 600 9¥0- 200 090 9 L 4 2L d4XIN  800Z LE-VS
680 1000 T¥'o- ¥00 900 900 8E0- 820 80L- L0 €Zl- SO 8y0- Y00 S9°0- 9 44" 62-VS
z6°0 Zro- %00 6€°0- L0'L- 6L 1" 1¥0- 690~ v L 0El  d3I 9002 B6Z-VS
880 6€°0- 500 ¥e0- Gg'L- ov'b- 290~ 890 v L 8Ll dH €002 62VS
180 9v0- 800 ovo- 18°0- bLb- 9e0- 290~ v L 8Ll 4 1002 62VS
660 SO #00- 00 OFO- 900 €00 SO0 OvO- 0€0 960 %20 290- 220 .80~ ZLO 8Z0- 800 SSO q z oL 0L  d3 800z €2-VS
980 S0 1Z0- 200 8¥0O- 900 €00 SO0 <Zv0o- 620 8€L- 620 L0L- €20 621 2ZL0 LS0- 800 690 vL Ll y1-vs
180 SO 1Z0- 00 ¥0- 900 L00 SO0 L¥O- 620 8€L- 6L0 620 €L0 L0k- 600 6£0- 00 L90- q I 9¢l dd‘da 8002 +L-VS
€60 9¥°0- ¥0°0 £o- A 8¢'L- 850 vL0- \ L Ll dH  €00Z evl-vS
6.0 z5°0- Y00 L0 AN ev - 950~ 120" v L G0l  dH  L00Z ®Bevl-vS
BH, v 6 ) ) 6 6 ) 6 ) 6 fipn u % (BBuyewaeds . sweN
BHo v asz BH,,v 3sz BH,,v 3sz BH,vV 3SZ BH,V 3ST BH,Q 3IST BH,,Q 3ISZ BH,R 3IST BH,LR 3IST BH,Qe APMS Geu "Bn  usyor A oidwes

158



ic mercury sources in an urban area of
northeastern France

f atmospher

ing o

Chapitre 4, partie A, "Isotope trac

¢IS

€0'L S0 v00- €10 8¥0- 900 L00- ZL'0 6v0- 620 00Z 6L0 8SL L0 950 600 890 €10 vLO 14 16 12-dD
ZL G0 ¥00- 200 ¥£0- 900 000 GO0 8€0- 620 00C 6L0 €L €10 690 600 690 Z00 €00 g z 2 dH  800Z /2-dD
66°0 ¥5°0- €0°0- ¥G°0- 0S5l 850 2.0 910 v z 0S¥ d3 9002 /[z-dD
66°0 ov'0- 1070 o0~ or'L G9°0 690 G0°0- v z 0S¢ d4XI €002 /2-dD
L0'L £9°0- 000 ¥9°0- izAl 0€0 €90 ze0- v z 8ee  d3 1002  LZ-dD
(dD) yutod pajeulwejuod

96'0 000 100 LL'0O L¥O- 900 #00 SO0 6£0- LEO 68T G20 ¥6'L- 800 8L~ 800 #60- +00 880 g z 4} 0ZL 1d‘dH 6002  6%-Al
180 SO 900 00 €€0- 900 €00 SO0 620~ 620 9L'¢E 6L0 L0Z- €0 681~ 600 2OL- 00 L80- g z (] 86 Id‘dH 6002 8¥-Al
66'0 GSL'0 900~ 00 620- 900 #00 SO0 620- 620 8Z¢ 6L0 9LZ- €10 L6L- 600 SO~ 00 €80 1 101 LAl
€60 GL'0 800- 00 O0£O0- 900 €00 GO0 820~ 620 92¢ 6L0 €L'Z- €10 064 600 0L~ 200 180 g L 0L 1d‘dH 6002  Zt-Al
90k G0 v¥00- 00 820~ 900 ¥00O SO0 O0€0- 620 L€~ 6L0 6LZ- €10 €64 600 90k~ 200 S80- g z /0L 1d‘dH 6002  Zt-Al
€80 GL'0 €00~ 00 2€0- 900 100 SO0 2O 620 vEe 6L0 T €0 66'L- 600 bbb~ L00 €8°0- g L Sl 8yl 1d'dH 6002 9t-Al
80 SLO LLO- 200 LZ0- 900 SO0 SO0 €20~ 620 <2LZ- 6L0 SLL- €10 6S’L- 600 €80~ 00 .90~ g z 8 28 1d‘dH 6002 S¥-AI
(A1) Ao1jBA |BIISNPU|

96'0 GL'0 €10~ 00 €10~ 900 #00 SO0 €L0- 620 v6CT- 6L'0 68k €0 SS'L- 600 060~ 00 090 g z 4} GLL  dX 600 vl
060 SL'0O L00- 00 8L'0- 900 200 SO0 9L0- 620 L6C- 6L0 06k €10 L9L- 600 €60- 00 V90 g L 8 8L dX 6002 €l
(1) seug |etysnpu|

160 200 SO0 +¥L'0 8¥O- L00 200 €10 9v0- 620 62T 6L0 LSk~ €10 99k~ 600 9.0~ 00 980 1 LL 10V
/60 G0 ¥00 00 SS0- 900 000 GO0 €50- 620 L¥Z- 6L0 ¥9L- €10 8LL- 600 <280 L00 ¥60- g z 8L 44 8002  LO-VY
/60 G0 SO0 200 PO~ 900 SO0 SO0 Ov0- 620 ZL'Z- 6L0 6¥L- €10 €5L- 600 0L0- 200 LL0- g L /L d3 8002 LO-vd
96'0 GL'0 200 00 6¥0- 900 900 SO0 LvO- 620 6¥L- 6L'0 660~ €0 €L 600 E€¥0O- L00 2ZLO- g z oL 86 dXIN 8002 £0-vd
BH,,,v 6 ) ) 6 6 ) ) ) 6 fipn u % (BBuyewads .~ sweN
BH Y asz BH,,v 3sz BH,,v 3sz BH,vV 3sZ BH,V 3ST BH,Qe 3IST BH,,Qe 3ISZ BH,R 3ST BH,LR 3IST BH,Qe APMS asy 'BH  usyon A odwes

159



ban area of

IC mercury sources in an ur.

Chapitre 4, partie A, "Isotope tracing of atmospher

northeastern France

VIS

SJUSWIAINSBIW JO Ioquunu (e
0L0  €00- €00 200~ 900 200~ 200  €00- €20  ¥60- vLO  L90- 200 8¥0- L0OO  Z€O0- €00  8L0- g uspew|v-WN
0L0  LLO-  G00  090- 900 600 200  990- 2Z€0 29z 920 89k  9L0 98k L0  GL0- 600  860- oL z81-408
L0 200 200 S00- 900 LOO- GO0 S00- 620 /8¢  6LO  8GC €10 681 600  62L 100 090 8  HPZTY-9dyD
asz bH,v asz ObH,v asz BH,v asz BbBH,v asz BH,e asz BH,Q asz b6H,Q asz bBH,? asz BH Q9 U s|dwesg
USpEWIY-INN PUE Z8Y-¥O8 ‘HYZ T DdYD [eldjew a5uaIaja Jo suoisodwod oidojos] :zs-IS 37av.L

Apmis S1YT, :g $600C & 30 ueusue) :y (o

SJUSWAINSBIW JO Joquunu (q

payodar sem 9,01 JO S ® ‘9sed s1y) uf "pazAeue sem o[dwes auo A[uo J1 3do0xd pojedIpur UONBIAIP pIepue)s 9ANe[y (B
¥6'0 SL'0 SL'0- 00 PYO0- 900 100 SO0 <ZvO- 620 ¥SO 6L0 9Y0 €L0 OLO- 600 ¥ZO 00 OE0 9 L 0z  96F d3I'4Y 800T n_ow.zw
6,0 SL0 10°0- 200 S0~ 900 200 GO0 2¥0- 620 88l 6L0 STl €L0 9¥’L- 600 950~ 100 €L0 | L 6 26 d3'4Y 600 n_oﬁ\e.m
660 SL'0 €20- 100 6b0- 900 100 SO0 6¥0- 620 88L- 6L0 LL'k- €10 ZEL- 600 6¥0- 100 LLO | L €L €€l d3'4Y 600C | moﬁ%
60 GL°0 8L°0- 00 8€0- 900 900 SO0 9€0- 620 86L- 6L0 LZL €L0 621 600 ¥SO- 00 990 | 4 8 18 d3'4¥ 600C n_omwzm
060 SL'0 900~ 200 9v0- 900 200 GO0 2¥0- 620 SSL- 6L'0 660~ €10 LTV 600 €¥0- 100 190 | L 6 88 d3'4¥ 6002 _ n_omwiw
(dOV/VS) Jutod pajeulejuod punoly ealy qingng

BH, v 6 6 6 6 6 6 6 6 6 fpn u %) (BBu)ewads . = oweN

BH v asz BH,,v 3sz BH,,v 3ISZ BH,V 3ISZ BH,V 3ST BH,Q 3IST BH,Q 3IST bBH,RQ 3ST BH,R 3IST BH,Q APmS Qsy 'BH  usyon A odwes

160



Chapitre 4, partie A, "Isotope tracing

of atmospheric mercury sources in an urban area of
northeastern France

FIGURES

FIGURE SI-S1: General map of the sampling locations and sampling points in Rural Area

(RA), Suburban Area (SA), Urban Area

(UA), Industrial Site (I), Industrial Valley (IV) and

inside Industrial site (I). The magnitude of anomalies (A'”’Hg) found in lichens for each

geographical area over the nine years of

the circle.
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Chapitre 4, partie A, "Isotope tracing of atmospheric mercury sources in an urban area of
northeastern France

FIGURE SI-S5: Location of the studied area around the contaminated point CP-27
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Chapitre 4, partie A, "Isotope tracing of atmospheric mercury sources in an urban area of
northeastern France

FIGURE SI-S6: Average mercury concentrations (years 2001, 2003, 2006, 2008 and 2009)
for the lichen sampled at the contaminated point (CP-27, empty cross). Lichens sampled
around CP-27 (SA/ACP, filled black triangles) are in the Hg concentrations range of all other
lichens of the study. Lichen sampled at around 200 meters of CP-27 (inverse filled black

triangle) display an intermediate Hg concentration of 200 ng.g™.
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northeastern France

FIGURE SI-S7: A'Hg versus 8°"*Hg for the lichens sampled at the contaminated point (CP-
27, empty cross) in suburban area around the contaminated point (SA/ACP 38-39-40-41,

filled black triangles) and at 200 meter of CP-27 (SA/ACP 42, inverse filled black triangles).
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ABSTRACT: The mercury (Hg) isotopic composition was investigated in topsoils from two case studies in north of France. The Hg
isotope composition was first determined in agricultural topsoils contaminated by a close by Pb—Zn smelter. The Hg isotopic
composition was also measured in topsoils from an urban area in northeastern France (Metz). In both cases, no significant mass
independent isotope fractionation could be found in the soils. However, the soil isotopic composition (6202Hg) was enriched in the
heavier isotopes as the Hg concentration increased in the soils. A linear relationship between the ¢°**Hg in soils and 1/[Hg]
indicated a mixing between a contamination source and the Hg derived from the geogenic background soils. Such findings
demonstrate that the contamination signature was preserved in the soils and that the deposition of anthropogenic Hg was
predominant compared to reactions leading to isotope fractionation such as biotic and abiotic reduction of Hg(II) and resulting in
Hg mobility or evasion from the soils. It was therefore possible, for the first time in the case of Hg, to evaluate the contribution of the
contamination source relative to the background Hg source in urban topsoils using relative isotope abundances.

H INTRODUCTION

Global mercury (Hg) emissions are dominated by anthropo-
genic sources. Coal combustion represents more than the two-
thirds of the total anthropogenic emissions. The rest is repre-
sented by various industrial sources.” The unravelling of anthro-
pogenic mercury origin with respect to the natural sources in the
environment is the current challenge and of paramount impor-
tance. The relative abundance of mercury isotopes may vary
during chemical and phase transformations and consequently
between various geological and environmental reservoirs.” In-
deed, mercury isotopes present large mass dependent (MDF)
and mass independent (MIF) fractionation ranges (~ 7% for
the 0°*Hg and ~10% for the A'*’Hg, respectively) resulting
from biophysico-chemical processes taking place either in the
natural or the anthropogenic sources independently. However,
very few studies have successfully discriminated the anthropo-
genic mercury sources using its isotopes from background sources
and followed its distribution and mixing in the environment.*

Anthropogenic Hg originates primarily from Hg ores used for
a variety of industrial processes. The cinnabar, metacinnabar, or
Hg-bearing ores and fossil fuels present a large range of MDF
with little to no MIF 37 ~'° probably because Hg was affected by
various physicochemical reactions (e.g, redox, evaporation—
condensation) but little or no photoreactions. Therefore, the
various forms and levels of mercury entering the environment
through industrial activities probably have little to no MIF sig-
natures'' when compared to those found in surface or subsurface
environments such as aquatic systems,lz_ 1 atmosphere,é‘”‘15 orin
arctic systems.'® In these later cases, Hg has undergone many
biophysico-chemical processes during its cycling before being

5 ACS Publications @ xxxx American chemical Society

stored. The Hg isotopes may also undergo isotopic fractionation
during anthropogenic processes (combustion/condensation/
precipitation) before being expelled to the environment but no sig-
nificant MIF were reported to date for such transformations,'®'”'®

Among different reservoirs, the terrestrial compartment is
both an important source and sink for Hg regarding the atmos-
phere."” Local Hg contamination in soils therefore results mainly
from the deposition of the oxidized Hg forms (and/or particulate
ones) because Hg’ displays a very long residence time. Indeed,
this Hg’ is not easily oxidized close to its sources or during trans-
portation and shows little deposition close to the source of emis-
sion.”*! In general, primary atmospheric Hg sources to soils are
wet and dry deposition. Reemissions of Hg from soils can also be
reintroduced to the soils.””

Once in the soil, Hg undergoes a variety of processes such as
adsorption and desorption,* precipitation, and volatilization that
contributes to its mobility.”* Hg emissions from soils are con-
trolled by a number of processes directly related to environmen-
tal parameters and characteristics of the soils and biophysico-
chemical processes such as reduction (biotic or abiotic) or
photoreduction.” These mechanisms result in isotoPic fraction-
ation leading to MDF **~2® or both MDF and MIF." >33 The
original isotopic signature of Hg contamination may thus be altered
with time.

This work aims at evaluating the potential of Hg isotopes
fractionation to discriminate anthropogenic from natural
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signatures in soils from two different and separate locations in
Northern France. These soils are (i) cultivated top soils, con-
taminated by a close Pb—Zn smelter (ii) top soils originating
from an urban area.

B MATERIALS AND METHODS

Studied Areas. (i). Northern France, Soils Contaminated by a
Pb—Zn Smelter. The first site where soils were collected is
around a Pb—Zn smelter located in northern France close to
the town of Noyelles-Godault. This site was one of the largest
Pb—Zn smelters in Europe until 2003 and has been extensively
studied. Contamination records of the surrounding environment
have been assessed with a time span of more than one hundred
years. The soil samples analyzed originate from agricultural
ploughed top soils located from one to four kilometers around
the smelter in the northern and southern directions. Site and soils
description can be found in Sterckeman et al.** Results reported
clearly showed that these soils have been contaminated by the
smelter for many trace metal elements such as Cd, Pb, Zn, Ag, As,
Bi, Cu, Hg, In, Sb, Sn, and Tl with decreasing concentrations with
the distance of the sampling site to the smelter. Furthermore,
these soil samples have been previously analyzed by Cloquet
et al.*>* for their Cd, Pb, and Zn isotopic composition. Their
results clearly highlighted that, on the basis of isotopic signatures,
the smelter was the direct contamination source. In order to
characterize the emission source, two dust samples from the
smelter (sleeved filters before emission to the atmosphere) were
analyzed for their Hg concentration and isotopic composition,
and one slag sample was analyzed for its Hg concentration only.

(ii). Northeastern France, City of Metz, Urban Top Soils. The
second site is located in Northeastern France in the urban area of
the city of Metz (200000 inhabitants). The area selected for
sampling (SI Figure SI—S1) represents a surface of 3 km?,
bordered on the southwestern side by the city center of Metz,
on the southern and eastern sides by the suburban area, and
finally on northern and northwestern sides by a commercial and
industrial areas, respectively. According to the cadastral emission
inventory realized by the Lorraine Air Quality Agency in 2002 for
the city of Metz (see the SI), the global atmospheric Hg emission
in the studied area was around 17 kg:y ™. The Hg anthropogenic
sources are linked to the coal combustion (60% of the
emissions), the waste incineration (35% of the emissions), and
the nonindustrial uses (e.g., residential heating; $%). Regarding
coal combustion, one power plant using either coal (10%) or gas
(90%) (CGFPP, 155 MW) is located on the west-southwestern
side of the studied area (SI Figure SI—S1). The CGFPP started
its activity in 1961 and was mainly operated as a coal power plant
exclusively before its transformation in 1992. Another coal combus-
tion unit of 39 MW is in operation since 1984 and located 2.5 km to
the southeast of the studied area (not shown in SI Figure SI—S1).
One municipal solid waste incinerator (MSWI) in operation is
located on the west-southwestern side of the studied area, nearby
the CGFPP (SI Figure SI—S1). The MSWI started its activity in
2001, replacing an old MSWI (1969—1997) located on the same
site. About 2 km to the north of the studied area (out of the city of
Metz, not shown in SI Figure SI—S1), a large coal fired power
plant (CEPP, 500 MW, around 16 kgy ™' Hg estimated in 2002)
is in operation since 1971. Further north, about 10 km from the
studied area, is also located an important industrial zone com-
prising mainly steel industry. However, using Hg isotope signatures
in lichens, Estrade et al.’ showed that this latter industrial area was

not a significant source of Hg for the urban area studied in this
work. Soil samples were collected in July 2008 (see the SI for
description). The samples were collected on a top soil surface of
20 cm large, 20 cm long, and 3 cm deep. They were dried,
crushed, and sieved by Micropolluants Technologie SA. The soil
samples were further crushed at Centre de Recherches Pétro-
graphiques et Géochimiques (CRPG) to a grain size less than
80 pm, used for sample preparation for major, trace elements and
isotopic analyses. Major and trace elements concentrations mea-
surements were carried out at CRPG at the Service d’Analyze des
Roches et Minéraux (CRPG-SARM®”). Mercury concentrations
were also performed at CRPG-SARM by using cold-vapor atomic
absorption spectrometry (CV-AAS) after hot (100 °C) acidic
digestion (HNO3/H,S0,) of 100 mg of soil.

Sample Preparation for Isotopic Analyses. Once crushed,
soils, dusts, and slag samples were digested using HNO;/H,SO,
using a sample mass of 1 g as described in Estrade et al."® (300 mg
only were digested for the dust samples). This sample prepara-
tion procedure was also performed on two preparations of the
soil reference material NIST-2711 and one preparation of the fly
ash reference material BCR-176R. Three soil samples from the
city of Metz (urban top soils study) (SJ02, SJ38, SJ47 see
Table 1) presenting Hg concentrations of less than 100 ng.g ™'
were digested with a high-pressure and high-temperature meth-
od as applied to the reference material BCR-482 (High Pressure
and High Temperature method - HPA) described in Estrade
etal.*® In this case, 1 g of soil was digested in 3 mL concentrated
nitric acid. In order to check on the digestion yields and accuracy
of the results, the soil reference material NIST-2711 was also
digested and analyzed with this latter set of samples.

Mercury isotopes analyses were performed by cold vapor
generation coupled to an MC-ICP-MS Nu Plasma HR (Nu
instruments, UK) of the IPREM/LCABIE (Institut Pluridisci-
plinaire de Recherche sur 'environnement et les Matériaux/
Laboratoire de Chimie Analytique Bio Inorganique et En-
vironnement) in Pau. The gas—liquid separator used in this
study was the HGX-200 (Cetac, US). Instrumental settings were
similar to the ones described in Estrade et al. 2010." Isotopic
compositions of the samples are reported in J values normalized to
198Hg, as recommended in Blum and Be:rgquist,38 relative to the
NIST SRM 3133 Hg solution as defined for the 202/ "%Hg ratio

018 (%) = —1] x 1000

Mass independent fractionations measured on the odd 199Hg
and **'Hg isotopes are expressed according to the definition of
A'"’Hg (%o0) and A**"Hg (%o)

A199Hg(%0) = 5199Hgmeasured —0.252 x 6202Hgm‘m“”d

A" Hg(%0) = 0 Hgnaasred = 0.752 % 0 Hgegura

Acidic matrices of the samples and the reference materials as well
as the monoelemental reference material were matched prior to
analysis. Isotopic analyses were conducted on sample solutions of
4ngmL ™" Hg. The concentrations of samples and of the reference
materials were measured prior to isotopic analysis relative to the
NIST 3133 in matrix-matched solutions in order to verify digestion
yields and to adjust within 5% the sample concentration relative
to the NIST 3133. The isotopic composition of a secondary
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Table 1. Mercury Concentrations and Isotopic Compositions in Top Soils and Dusts from the Pb—Zn Smelter and Top Soils from

the Metz Urban Area
name location” Hg(ngg™)) n°  0™Hg (%) 2SE  A™Hg (%) 2SE  A™Hg (%) 2SE
North France: Contaminated Top Soils around the Pb—Zn Smelter
16b 4291 m (NE) 133 2 —0.90 0.1 —0.04 0.05 —0.02 0.07
17B 2178 m (NE) 193 2 —0.70 0.18 —0.03 0.05 —0.04 0.07
22B 1958 m (NE) 213 2 —0.78 0.15 —0.02 0.08 —0.05 0.07
1B 1746 m (SW) 297 1 —0.77 0.15 —0.04 0.0 —0.09 0.07
52B 1230 m (S) 326 1 —0.62 0.15 0.04 0.0 0.00 0.07
SSB 1251 m (SW) 379 2 —0.59 0.15 0.02 0.08 0.02 0.07
36B 891 m (N) 416 2 —0.61 0.1 0.02 0.05 0.03 0.07
32B 1145 m (N) 458 1 —0.59 0.15 0.04 0.05 0.00 0.07
31B 1046 m (N) 489 2 —0.64 0.15 0.05 0.11 —0.02 0.07
34B 990 m (N) 568 2 —0.56 0.15 0.05 0.05 0.05 0.07
30B 954 m (N) 623 2 —0.50 0.15 0.02 0.05 0.07 0.07
Geogenic® Hg Loessic and alluvial soils, 10—20 km 50—70 nd. nd. nd nd nd nd
North France: Industrial Dusts from the Pb—Zn Smelter
Dust 1 smelter 44200 2 —0.24 0.15 —0.13 0.08 —0.11 0.07
Dust 2 smelter 361000 4 —0.29 0.15 —0.01 0.0 —0.06 0.12
Slag smelter <10 nd. n.d. nd nd nd nd
Northeastern France, City of Metz: Urban Top Soils
§Jjo2* Metz 40 2 —0.94 0.15 0.07 0.0 —0.01 0.08
§J38* Metz 58 1 —0.73 0.1 —0.05 0.05 —0.04 0.07
SJj47* Metz 80 2 —0.78 021 —0.12 0.05 —0.07 0.07
SJ14 Metz 110 2 —0.72 0.16 —0.03 0.05 —0.05 0.07
SJ27 Metz 115 1 —0.60 0.15 —0.07 0.0 —0.05 0.07
Sj12 Metz 120 2 —0.71 0.15 —0.04 0.05 —0.06 0.07
§Jo1 Metz 130 1 —0.72 0.15 —0.08 0.05 —0.08 0.07
MCO0S Metz 140 2 —0.66 0.15 —0.06 0.06 —0.06 0.07
SJ30 Metz 180 2 —0.43 022 —0.05 0.09 —0.05 0.13
MC10 Metz 210 1 —0.45 0.1 —0.08 0.05 0.00 0.07
MBO0S Metz 240 1 —0.43 0.15 0.03 0.05 —0.09 0.07
SJ40 Metz 285 2 —0.20 0.19 0.09 0.0 0.06 0.07
N Metz 330 1 —0.31 0.15 —0.04 0.05 —0.03 0.07
§J21 Metz 820 1 —0.16 0.1 —0.05 0.05 —0.07 0.07
Reference Materials”

CRPG-F6SA 16 —3.50 0.1 0.10 0.05 0.05 0.07
NIST-2711 34520 6 —0.21 0.13 —0.15 0.06 —0.15 0.04
BCR-176R 1470 3 —1.00 0.15 —0.03 0.0 —0.02 0.07

“Soil location in the Pb—Zn smelter study represents the distance from the Pb—Zn smelter and text in brackets is NE: northeast, N: north, SW,
southwest, and S: south. ” Number of measurements. © See text and Sterckeman et al,* *§J02, §J38, and SJ47 were considered as background topsoils
(see text), n.d: nondocumented. ? The uncertainties are given as 28D of the n measurements.

monoelemental reference material was measured to determine
the external reproducibility of the method. During the course of
this study, sixteen measurements of CRPG-F65A led to an
isotopic composition of —3.50%o on the (5202Hg in agreement
with the published value'® with a 2 standard deviation from
the mean of 0.15%0 (2SD, n = 16) (see Table 1). This value
(£0.15%o) is considered as the uncertainty of the method. The
uncertainty reported on the samples was 2 standard error of
different measurements (2SE). When the 2SE was lower than
0.15%o or if only one measurement of the sample was performed,
the uncertainty of the method was reported. In addition, the
isotopic composition of the soil reference material NIST-2711
was measured 6 times for three different preparations including

the High Pressure High Temperature method. Results showed
that the isotopic composition of —0.21 =& 0.13%» (6***Hg, 28D,
n=6), —0.15 + 0.06 %o (A'”’Hg, 28D, n = 6), and —0.15 +
0.04%0 (A*'Hg, 2SD, n = 6) was in agreement with the
published value.'® Three measurements of the fly ash reference
material BCR-176R showed a 6***Hg of —1.00 & 0.15 %o (2D,
n = 3) also in agreement with the published value."®

Bl RESULTS AND DISCUSSION

Mercury in the Top Soils Contaminated by the Pb—Zn
Smelter (Northern France). The concentrations of Hg (Table 1)
ranged from 623 ngg ' at a distance of 954 m from the smelter and
dropped down to 133 ng.g_1 at 4291 m, the decrease of concentration
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Figure 1. a) Mercury concentrations (ngg ") in cultivated top soils in
function of the distance (m) from the Zn—Pb smelter. Black empty and
black filled circles represent the whole data set analyzed in Sterckeman
etal,* and only black filled circles samples were analyzed for their isotopic
composition in this study. The geogenic background soil Hg concentra-
tions were taken from Sterckeman et al.** b) 6***Hg (%o) of the con-
taminated top soils samples around the Pb—Zn smelter in function of
1/Hg (1000*gng ). The linear relationship indicated a mixing between a
mercury contamination source and geogenic Hg in soils. Average isotopic
composition of two dusts (6**’Hg = —0.29 % 0.15 %») sampled inside
the Pb—Zn smelter fall within error on the linear trend defined by the
soil samples.

with the distance from the smelter fits with a power law regression
curve (Figure 1a). The same trends were observed for other trace
elements (Ag, As, Bi, Cd, Cu, In, Hg, Pb, Sb, Sn, T1, and Zn) and
were interpreted as a result of smelter emissions.>* Soil samples
further away from the smelter yielded Hg concentrations ranging
between 50 and 70 ng.gﬂ, and this concentration was inter-
preted by Sterckeman et al.** as the natural geogenic background
for the whole area. The concentrations recorded in the present study

soil samples displayed Hg enrichments ranging between 2- and 10-
fold compared to the background soil concentrations.

The mercury isotopic compositions of the soils are presented
in Table 1. In the Supporting Information (SI), Figure SI—S2
presents the soils 9'*’Hg vs 6”**Hg. No significant MIF was rec-
orded or observed in these soils (in SI Figure SI—S3). The sample
with the lowest Hg content has also the lowest 6°**Hg measured
value (—0.90 = 0.15%), whereas Hg-rich samples, closer to the
smelter, have less negative 6*°*Hg values reaching up to —0.50
0.15 %o. Figure 1b presents the Hg isotopic composition (52°2Hg)
of the soils plotted against 1/[Hg]. The data points display an
inverse linear relationship (1*=0.80) resulting from a binary mixing,
Thus, Hg in the top soils originates from a direct mixing between a
Hg contamination source (1/[Hg] — 0 and 6°**Hg of ~-0.4%,)
and the natural and geogenic background soils (14 < 1/[Hg] <
20, corresponding to the Hg background concentrations and
(3202Hg <1.5%o). As no significant MIF was recorded in these
top soils, both Hg sources are free of MIF.

Mercury in the Urban Top Soils of the City of Metz,
(Northeastern France). The Hg contents measured in 14 top
soil samples in the urban area over a territory of 3 km” spanned
over a concentration range from 40 to 820 ng.g71 (Table 1).
From this sample set, 3 samples displayed concentrations between
40 and 80 ng.gﬂ, 5 samples between 110 and 140 ng.gfl, S sam-
ples between 180 and 330 ng.%_l, and only one sample displayed
a concentration of 820 ng.g . The Hg-poor samples (40 to 80
ngg ') were considered as representative of the Hg geogenic
background in top soils since the concentrations recorded were
in agreement with those generally found in non contaminated
soils."” Thus, top soil samples with higher mercury contents than
the mean background value have Hg enrichment of 3- to 13-fold
relative to the geogenic [Hg] top soils. This strongly suggests
heterogeneity of Hg concentration in urban top soils and the
occurrence of other sources than the natural geogenic one.

The mercury isotopic compositions determined in these top
soils are presented in Table 1. Like for soil samples close to the
Pb—Zn smelter, most urban top soils fall within error on the
mass fractionation line in a three-isotope (PIOt (in SI Figure
SI—S2). Tsotopic anomalies in '*’Hg and **'Hg (A'”’Hg and
AZOng, respectively) were negligible for most samples (in SI
Figures SI—S3 and SI—S4). Only one background soil (SJ47)
and the sample SJ40 display a significant MIF (A'*Hg > +
0.1%o). Based on these two data points only, we concluded that it
is not relevant to discuss on the slope value (in SI Figure SI—S3)
and the sign of the anomaly and its possible relationship to
fractionation processes involved.

The §**Hg values measured in the urban top soils ranged
from —0.90 to —0.16 %o. As for the soils nearby the Pb—Zn smelter
(northern France), the 9***Hg value is inversely correlated to Hg
concentration (Table 1). Indeed, the (5202Hg plotted as a function of
1/[Hg] displayed a linear relationship (Figure 2; r*=0.89, back-
ground topsoils excluded from the regression, see below). Here
again, the Hg isotopic composition in urban top soils strongly
suggest the presence of Hg sources having distinct §°**Hg values.

The Preservation of Mercury Signature in Soils: Implications
for Isotope Source Discrimination. In both studied cases, the
isotopic signature recorded in the soils represents and integrates
many years of atmospheric depositions. Processes enhancing the
mobility of mercury in the soil as well as the ones leading to Hg
evasion to the atmosphere must have taken place over this period.
Biotic and abiotic reduction or volatilization processes have been
documented to fractionate Hg isotopes in a mass dependent
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Figure 2. 0°”Hg (%») of top soils sampled in the urban area of Metz
(Northeastern France) in function of 1/Hg concentration (1000*g.n§_1).
The linear relationship observed for samples with >100 ng.g ~ Hg
(filled diamonds) indicated a mixing between a contamination
source with an end-member of &~ —0.05 %o (6***Hg) and geogenic
Hg (open diamonds). The isotopic composition of the background soil
was measured in three soils having low Hg content (40 to 80 ngg '
empty black diamonds) and displayed a 6***Hg of —0.82 % 0.22 %o (2SD,
n=3).

25—28
manner.

Reduction or photoreduction processes mediated
by organic matter have been documented to fractionate Hg
isotopes in both mass dependent and mass independent
manners.'>*' 733 In these studies, the Hg(H)/H%O fractionation
factors recorded on the 2°¥ lgng ratio ((1202/ ! SHgHg(H) /Hgo)
was always lower than 1.002. Hence, as the reduction or
photoreduction processes would proceed, the Hg(II) fraction
remaining would then decrease and progressively be enriched in
the heavier isotopes. The relationships between [Hg] and
8”"*Hg shown in Figures 1b and 2 contrast with the direction
of the isotopic fractionation involved by reduction and photo-
reduction processes. Further, the magnitude of the isotopic
fractionation (a202/198HgHg<H)/Hgo) during these reduction
processes is relatively low. For example, using an average
[ 198HgHg(H) /uge of 10018, a significant effect on the isotopic
composition of remaining Hg would be detected if more than
20% of total soil Hg(Il) would have been reduced to Hg'.
Photoreduction, reduction, or chemical binding processes have
been documented to yield distinct MIF'>**™** resulting in a
large fractionation factor range for odd isotopes anomalies
(1.0002 < (A199Hg) Hg(ID)/Hge < 1.006). All soil samples analyzed
for this study displayed no or very small MIF that could not be
related to systematic changes in Hg concentrations and/or
(5202Hg values. With the data set in hand, we suggest that if
any process leading to MIF occurred in the studied soils, it did
not alter in a significant manner the mean Hg composition of the
soil so that Hg preserved the isotopic fingerprint of the global
contamination and geogenic sources.

Discrimination of Hg Sources in the Top Soils Contami-
nated by the Pb—Zn Smelter (Northern France). The rela-
tionship in Figure 1b pointed out a 6*"*Hg of ~—0.40 %o for the

Hg-rich end-member of the mixing trend. In order to character-
ize the contamination source, a slag and two dust samples from
the smelter were analyzed (Table 1). The slag sample had a very
low mercury content and was not analyzed for its isotopic
composition. This observation is coherent with the fact that
high temperatures (>1050 °C) are reached during the smelting
processes. Under these conditions, it is very likely that Hg in
refined materials was totally volatilized. Therefore, the slag
sample was not considered as a specific contamination source
as was previously reported for soil cadmium.* The isotopic
compositions of the dust 1 and dust 2 samples (44200 and
361000 ng*g ' Hg respectively) showed similar 6°°*Hg of
—0.2440.15 %o (2SE, n=2) and —0.32£0.15 %o (2SE, n=4)
respectively. Although the sample dust 2 did not present any
MIF, the dust 1 sample presented a small MIF (A199Hg of —0.13
£ 0.08%o, 2SE, n = 2) (see Figures SI—S2 and $3). According to
their (5202Hg values, the dusts samples would fit the composition
of the contaminated end-member as described by the top soil
samples in Figure 1. If we assume that no isotopic fractionation
between dusts and fume exhausts (sleeved filters were placed
before the fume exhaust) takes place, the dust samples are
certainly therefore the best representative materials of the
smelter source emissions. The sample dust 1 displaying a small
MIF, presented a lower Hg concentration than dust 2 and
according to the MIF measured in soils, could only account for
avery limited part of the Hg budget in soils. One may ask if these
dust samples are representative of the one hundred years of
smelting activities in the area. Indeed, Cloquet et al. ** reported
that Pb isotopic compositions in these two dust samples were not
aligned with the soil trend in a three -isotope plot. This was
attributed to the fact that the raw material for refining was
originating from various locations during the period of operation
and had different Pb isotopic signatures, according to the U/Pb,
Th/Pb, and the age of the ore deposit. The Pb isotopic
composition of top soils integrated the mean composition of
refined ore over the years, probably weighted by the emission
flux. In contrast, results obtained on Cd and Zn isotopes in the
soils suggested a homogeneity of the raw material during the
operating period.z's‘z'6 Indeed, stable Cd and Zn isotope compo-
sition of ore deposits may vary but most published data indicate
slight variations around a delta zero value.** The isotopic
composition of Hg in ore deposits and in Hg-bearing rocks range
between —3 to +1%o (on the (5202Hg) with no to small MIF”*'°
and an average 0°°*Hg value of —0.65%o for the whole range of
samples analyzed.* The isotopic composition of dust samples is
very similar to this average value suggesting no or little isotopic
fractionation of Hg during smelting operations, certainly because
of high temperatures and volatilization yields. Thus, we argue
that the mean Hg isotopic signature of refined ore may not have
changed over the years of operation and that the composition of
dust samples well represents that of refinery atmospheric emis-
sions. The fact that top soils define an array pointing to the
composition of the dust in Figure 1 also suggest that the isotopic
composition of Hg was not altered during atmospheric transport.

Based on the relationship between 6*°*Hg and 1/[Hg]
defined by top soils in Figure 1b, it is possible to estimate the
isotopic composition of the background geogenic Hg knowing its
concentration in soils of the studied area. A 6**'Hg ranging
from —1.3 to —2%o would correspond to 14 < 1/[Hg] < 20 as
determined by Sterckeman et al.** for the local geogenic back-
ground. Such 6*”’Hg were not measured here but similar
negative values (from —0.76 to —2.5%o) were already reported
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Figure 3. Map of the studied area in the city of Metz (Northeastern France, see text for description) where Hg concentrations (size of the circle) and
contribution of anthropogenic Hg (red colored scale, in %, see text) to the soil samples are represented (see map caption).

in the literature for “uncontaminated” sediments and soils (e.g,,
refs 4, S, 8, 44). These samples were also free or imprinted of
small amount of MIF (<0.4%o). Such MIF compositions are in
agreement with the background top soil isotopic compositions
suggested here. Furthermore, the 3°*’Hg of geogenic Hg in the
literature was shown to be significantly variable between loca-
tion sites, and a careful investigation should be carried out to
accurately quantify the contribution of the anthropogenic source.

Discrimination of the Mercury Sources in Urban Top Soils
(City of Metz, Northeastern France). Although the scatter
along the trend (Figure 2) may result from various sources
having slightly different isotopic compositions, the Hg-rich end
member of the mixing is well-defined with a ***Hg of —0.05 %o.
This may account for the fact that 1) all pollution sources are well
mixed before deposition and 2) only one source is significant, by
being more important and/or closer to our sampling sites.
According to the fact that our sampling sites display various
amounts of Hg “pollution” (over a restricted area), we suggest
that the Hg-rich sources are local.

The Hg-poor end-member can be assigned the isotopic
composition of background soils with the lowest mercury con-
tents (SJ02, $J38, and SJ47). Despite a factor of 2 in Hg con-
tents (40, S8, and 80 ng.g_l), these soils presented no sig-
nificant variation in their isotopic compositions (average (3202Hg
of —0.82 £ 0.22%o 2SD, n = 3). No relationship between Hg
concentrations and the major element chemistry (CaO, ALOj,
SiO,, TOC, not shown here) showing quartz/carbonate or
organic matter dilution was identified to explain the [Hg]
variation of these three samples. This homogeneous background
isotopic composition put these samples slightly off the trend
defined by the other samples in Figure 2 and contrasts with our
hypothesis on the isotopic composition of geogenic Hg in the
other studied area (Northern, France). Nevertheless, homoge-
neity of the isotopic composition for geogenic Hg at a given site
has already been reported in sediments.”>** It appears in this
study that background urban top soils display a homogeneous
isotopic composition and that deviation from this isotopic
composition is due to the contribution of independent sources.
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Mercury Source Contributions in Urban Top Soils (City of constrain relative contributions and establish Hg source budget
Metz, Northeastern France). The isotopic variation measured in soils.

in urban top soils result from a mixture of anthropogenic and
geogenic Hg. Considering the contamination source as an atmo- H ASSOCIATED CONTENT
spheric deposition, Hg is progressively added to soil through the
years and mixed with geogenic Hg. Therefore, we can apply (5] Supporting Information. Additional method descrip-
a Simgle isotope mass balance to the system, 6202Hg50,-15 = tions and figures. This material is available free of charge via
X ot ozngm + XmézozHgnat where subscripts cont. and nat. the Internet at http://pubs.acs.org.
refer to the contamination source and natural source respectively
and Xcone + Xpae = 1. The fraction of Hg originating from the B AUTHOR INFORMATION
anthropogenic contamination source (X on) relative to the frac-
tion of Hg in background soils (X,,;) can then be directly evalu-
ated using the isotopic compositions of the two end-members
determined above (5202Hgmt = —0.05%0 and 5202Hgnat =
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Additional description of urban top soil samples in the city of Metz (Northeastern

France)

Cadastral Hg emission inventory: The inventory of the emission sources of mercury

for the city of Metz is documented by the public institution in charge of the air quality in the
Lorraine Region (Association de surveillance de la qualité de I'air. www.atmolor.org).
Cadastral data are calculated using the combination of the raw flux of each activity division
and the emission factors associated with the activity. Methodological guide used for the

calculations can be found:

http://www.atmo-alsace.net/medias/fichiers/Methologie_inventaire_V2006.pdf.

Regarding the city of Metz, the inventory was done with the available data for the year

2002.

Land use: All soils sampled are free of regular use such as gardening or municipal
reworking. Soils were sampled in grass fields, for example along small roads, school
backwards, parks and beside trails along small woods. No site was reworked since at least 10
years because most were already sampled in 2000 for establishing reference values of metal
concentrations in soils of the city of Metz. The average and median Hg concentration in the
2000 samples are very similar to that obtained for the 2008 samples suggesting no major

change of the Hg atmospheric deposition for the last 10 years."
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Figure SI-S1: Map of the studied area in the urban area of the city of Metz (Northeastern
France) where the 14 sampling sites, elevation curves and land uses are represented. Sample
points are located 1) in valleys along rivers: SJ40 (166m), MC10 (165m), MCO05 (165m),
SJO1 (168m) SJO2 (170m), SJ52 (170m), SJ30 (168m), 2) down the hill SJ47 (175m), SJ21
(190m), MBOS5 (195m) and 3) on the plateau: SJ27 (210m), SJ38 (215m), SJ14 (220m), SJ12
(230m). The CGFPP and the MSWI are located on the southwest corner within the valley at

an altitude of 165m. Both chimneys have a height of 35m.
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Figure SI-S2: Three-isotope diagram where the 8'*’Hg (%o) is plotted as a function of the
8" Hg (%o) for all the samples measured in this study: soil reference material NIST-2711
(open plus sign), fly ash reference material BCR-176R (square filled with cross), soils around
the Pb-Zn smelter (filled circles), dusts from the Zn-Pb smelter (filled squares), soils from
Metz in north-eastern France (grey diamonds) and urban background soils from Metz in

north-eastern France (open diamonds).
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42 Figure SI-S3: A" Hg (%0) against A**'Hg (%o) (symbols as Fig. SI-S2). The 1:1 and the 1.65:1
43 lines correspond to empirical ratios that characterize isotope fractionation related to magnetic

44 isotope effect and nuclear field shift effect respectively.
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45  Figure SI-S4: A" Hg (%0) against 8°”Hg (%o) (symbols as Fig. SI-S2). This diagram shows

46  that there is no significant relationship between 8**Hg and A'”Hg in the soils of the city of

47  Metz.
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Conclusion

Ce chapitre revient sur les trois grandes parties de ce travail de these: I’analyse isotopi-
que, la documentation des facteurs de fractionnement isotopique et 1’utilisation des isotopes
du mercure pour discriminer et tracer les sources anthropiques dans I’environnement. Il
présente pour chaque partie les concepts scientifiques utilisés, les résultats apportés ainsi que

les perspectives entrevues.

o L’analyse isotopique du mercure

La technique analytique mise en ceuvre dans ce travail est basée sur un systeme d’in-
troduction du mercure en phase gazeuse couplé a un ICP-MS multicollecteur. Le systeme
d’introduction utilisé est la génération de vapeurs froides de Hg’ par une réduction du Hg(II)

avec un réducteur puissant (SnCl).

Cette technique requiert une étape préalable de traitement de 1’échantillon afin de
mettre en solution la totalité du mercure d’une matrice minérale ou organique. Les méthodes
de mises en solutions disponibles dans la littérature sont nombreuses. Néanmoins celles-ci
dépendent principalement du type d’échantillon et de la concentration minimum nécessaire
pour réaliser I’analyse isotopique. La méthode haute pression et haute température appliquée
a de nombreux échantillons dans ce travail a permis d’analyser des matériaux de composi-
tions chimiques variées contenant au minimum 30 ng.g"' de Hg en introduisant plus d’un
gramme d’échantillon dans seulement quelques millilitres d’acide concentré. Les rendements
de digestion de cette technique sont généralement tres élevés, mais cette méthode nécessite

davantage de temps que des attaques plus modérées.

L’intérét majeur de la technique de génération de vapeurs froides est de séparer en
ligne le Hg" de la matrice. Cette séparation du Hg" de la matrice permet d’abord d’introduire
I’échantillon sous forme gazeuse. Ceci €vite la désolvatation de ’analyte dans le plasma
et augmente ainsi la sensibilité par rapport a une analyse liquide. Cette technique permet
également de s’affranchir des interférences potentielles de la matrice sur le biais de masse
lors d’analyses d’échantillons avec des matrices chargées en €léments majeurs et traces.
Cela permet donc d’obtenir des variations de biais de masse faibles entre les échantillons et
les matériaux de références généralement préparés dans des matrices plus simples. C’est une
technique d’introduction simple et robuste. Cependant, elle nécessite dans tous les cas de
vérifier les rendements de réduction des échantillons par rapport aux matériaux de référence
lors de I’analyse de nouveaux €chantillons, ou de nouvelles matrices, afin d’éviter des frac-

tionnements non désirés liés a la réduction du mercure.

La mesure des compositions isotopiques a été réalisée par la méthode de I’encadrement

de I’échantillon par un matériau de référence («sample standard bracketing» en anglais)
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associée a une correction des variations du biais de masse instrumental par mesure simulta-
née du rapport isotopique *°>?%T1 certifi€ isotopiquement (NIST 997). La loi de correction
utilisée est la loi exponentielle. Cette technique de mesure est a I’heure actuelle la plus

utilisée au sein de la communauté des isotopistes du mercure.

Les performances analytiques de cette méthodologie ont permis d’analyser la compo-
sition isotopique d’échantillons avec seulement 10ng de mercure et d’obtenir des reproduc-
tibilités externes (2SD) de 1’ordre de 0.15 a 0.25%o sur le rapport 2¥'*®Hg et de 1’ordre de
0.05%o sur les anomalies A'"Hg et A*'Hg.

Dans ce travail, nous avons caractérisé pres d’une dizaine de matériaux de référence
ainsi que deux matériaux de référence mono élémentaires secondaires isotopiquement
fractionnés et maintenant disponibles pour la communauté scientifique. Cette dizaine de
matériaux de référence caractérisée s’ajoute a la dizaine déja caractérisée dans des matrices

différentes par d’autres auteurs.

Avec I’expansion du champ d’application des isotopes du mercure, les techniques d’in-
troduction développées pour 1’analyse de la spéciation des formes moléculaires du mercure
prennent une place grandissante dans I’analyse isotopique (ex: chromatographie en phase
gazeuse couplée au MC-ICP-MS). D’autre part, d’autres techniques de préconcentration
du mercure pour des échantillons faiblement concentrés ou de séparation de la matrice par
des colonnes chromatographiques ont été développées. Associées a ces techniques d’intro-
duction, les techniques de mesure de la composition isotopique par double spyke ont fait
leur apparition. Il est donc indispensable de poursuivre la caractérisation de matériaux de
référence permettant I’intercomparaison entre les nouvelles méthodes et la méthode conven-

tionnelle d’analyse utilisée dans cette €tude.

o Détermination de ’amplitude des fractionnements isotopiques sur

les isotopes du mercure dans des processus physiques et chimiques.

Afin d’interpréter les variations de composition isotopique du mercure dans I’environ-
nement, il est essentiel de caractériser les réactions susceptibles de fractionner les isotopes
du mercure. Dans ce travail, nous nous sommes d’abord intéressés a caractériser le frac-
tionnement isotopique du mercure lors de son évaporation dans le systéme liquide-vapeur.
Ensuite, nous avons étudi€ la réaction de réduction du Hg(II) en Hg(0) par un agent abiotique

d’intérét biogéochimique: les rouilles vertes.

Le systeme liquide-vapeur étudi€ représente une transformation physique dans laquelle
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le mercure subit un changement de phase (liquide-gaz) a 1’équilibre ou bien en cinétique. On
peut trouver ce type de réaction dans les systemes industriels par exemple lors de distillations
ou bien dans les systemes géologiques comme les gisements des ceintures mercuriferes. D’un
point de vue géochimique, ce changement de phase est tres intéressant et a €t€ étudié dans de
nombreux autres systemes isotopiques dont les applications principales sont orientées vers la
compréhension de la formation du systeme solaire (évaporation/condensation des éléments

dans les météorites).

L’amplitude attendue des fractionnements isotopiques dans un systéme évaporant en
cinétique dépend en premiere approximation de la racine carrée du rapport des masses. La
composition isotopique du mercure évaporé était donc supposée étre fractionnée par rapport
au liquide initial de plus de 10%o pour le rapport °*'®Hg. Les résultats de cette étude ont
montré que 1’évaporation du mercure liquide en cinétique présentait un facteur de fraction-
nement de 1’ordre de 6.7%o (exprimé en 2OZA(nq_gaz)) entre le liquide et la vapeur, confirmant
ainsi un fractionnement isotopique de grande ampleur. Le facteur de fractionnement mesuré
différe néanmoins significativement du facteur de fractionnement théorique comme reporté
auparavant sur d’autres systémes isotopiques. Néanmoins, cette réaction est pour 1’instant la
seule a avoir montré des fractionnements isotopiques dépendants de la masse d’une si grande
amplitude. L’effet de la température lors de I’évaporation en cinétique a mis en évidence
que le facteur de fractionnement diminuait considérablement avec celle-ci, contrairement a
la théorie ou le fractionnement cinétique est considéré comme indépendant de la tempéra-
ture. Ces résultats ont été décrits par un modele conceptuel dans lequel une augmentation
des échanges a I’interface entre le liquide et la vapeur est responsable de la diminution de
I’amplitude des fractionnements isotopiques. D’un autre c6té, le facteur de fractionnement
gz de ’ordre de 0.86%o,

contraste largement avec 1’évaporation en cinétique et permet ainsi 1’identification du type

mesuré lors de 1’évaporation a 1’équilibre, avec une valeur de *?A

de fractionnement dans un systéme ou I’évaporation est susceptible de se produire.

Ce travail a aussi révél€ des fractionnements indépendants de la masse sur les isotopes
du mercure lors de I’évaporation a 1’équilibre ainsi qu’en cinétique. Basé sur les travaux
théoriques de Schauble et Bigeleisen, le type de fractionnement indépendant de la masse
mis en évidence a été attribué au «nuclear field shift effect» qui n’avait alors été entrevu
que théoriquement. Ce type de fractionnement indépendant de la masse n’est susceptible
de se produire que lors de changements d’états d’oxydations entre le produit et le réactif.
Dans la réaction entre le mercure liquide et le mercure gazeux a 1’équilibre, il n’y a a priori
pas de changement d’état d’oxydation. Néanmoins, les phases condensées comme le liquide
effectuent un partage des €lectrons externes afin de maintenir la cohésion et donc diminuent
I’état d’oxydation apparent du mercure dans le liquide par rapport au gaz. Ces réflexions ont

été confirmées par des calculs de fractionnement isotopique entre le liquide et la vapeur a
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I’équilibre menés par Edwin Schauble suivant la méthodologie développée dans son article

de 2007. La figure ci-dessous présente la variation de composition isotopique entre le liquide
— 202 3 4 Z14 3

et la vapeur (1000In3, , .= Aliq—vapeur) en fonction de la température. Cette modélisation est

issue d’'une communication personnelle avec Edwin Schauble a la suite de la présentation de

ces travaux a la conférence internationale Goldschmidt 2007 (K6ln, Allemagne).
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Schauble indiquait que dans 1’équilibre liquide-vapeur, la proportion de «nuclear field
shift effect» représentait 70% du fractionnement total, le reste étant issu de fractionnement
dépendant de la masse. De notre c6té, en utilisant les différents couples isotopiques du
mercure, nos calculs indiquaient 85 + 15% de «nuclear field shift effect», en accord avec
les modélisations de Schauble. Ces résultats n’ont pas pu €tre reportés dans 1’article car
les incertitudes sur le calcul des proportions ont été considérées trop importantes au vu de

I’ampleur du fractionnement indépendant de la masse.

Le travail mené sur la réduction du Hg(IT) en Hg(0) a été réalisé€ en utilisant les rouilles
vertes afin de déterminer 1’amplitude du fractionnement isotopique lors d’une réduction par
un agent réducteur abiotique. Les rouilles vertes sont de puissants réducteurs des métaux
que I’on retrouve dans des milieux anoxiques comme dans certains sols ou dans les eaux
souterraines. Le protocole expérimental mis en place dans cette étude n’a pas permis d’ob-
server strictement la réduction du Hg(II) par les rouilles vertes. La réaction de la rouille
verte avec le mercure étant documentée pour €tre trés rapide, nous avons choisi d’arréter
I’avancement de la réaction en oxydant la rouille verte par 1’introduction de Hg(I) en so-
lution dans 1’acide nitrique. Néanmoins, cette oxydation a conduit a la formation de sous
produits de la rouille verte. Ces différentes phases ont pu étre identifiées par microscopie
électronique a transmission révélant entre autre de la magnétite, capable de réduire le Hg(II)
en solution. Ces résultats indiquaient que la fraction de mercure échantillonnée en fonction
du temps pouvait étre non-représentative de la fraction résiduelle de Hg(II) restant en so-

lution. Dans ce cas, il a été difficile d’établir un systéme de Rayleigh dans lequel le facteur
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de fractionnement est déterminé a partir de la mesure de la composition isotopique de la
fraction de mercure restant dans la solution. Néanmoins, les expériences ayant conduit a
une réduction quasi-totale du Hg(II) ont révélé de précieuses informations. L’analyse de la
composition isotopique pour ces fractions considérées comme des fractions résiduelles de
Hg(II) a montré des compositions isotopiques enrichies en isotopes légers suggérant que le
Hg(0) produit par la réaction de réduction avait été piégé par les phases solides en solutions.
L’analyse de ces phases par microscopie électronique a transmission a permis de confirmer
cette hypothése en révélant des gouttelettes de Hg(0) piégées. A partir de ces fractions, il a
ainsi été possible de déterminer un facteur de fractionnement minimum pour la réduction du
Hg(II) par un réducteur abiotique. Le facteur de fractionnement déterminé est au minimum
de 1.3 %o (202AHg(II)—Hg(O)

dans la gamme de fractionnement isotopique déterminée pour la réduction bactérienne en

) et le fractionnement isotopique dépend de la masse. Ces résultats sont

utilisant des réducteurs comme SnCl, ou NaBH,. Cette €tude sur les rouilles vertes, a permis
I’investigation d’un systéme complexe faisant intervenir une réduction par 1’intermédiaire
du Fe(II) et dans lequel du mercure en phases liquide, solide et gazeuse coexiste, simulant

ainsi un systeme naturel et rendant 1’exploitation de sa composition isotopique difficile.

Néanmoins, ces résultats sur les rouilles vertes viennent confirmer que 1’amplitude
de fractionnement des isotopes du mercure dans un systéme soumis a la réduction est rela-

tivement faible (>“A = 2%o0 au maximum). Plus généralement, la réduction est une

He(ID)-Hg(0)
réaction clé de la mobilité du mercure dans les compartiments terrestres. Ainsi, des variations
de compositions isotopiques significatives dans le réservoir contenant le Hg(II) ne peuvent
intervenir que si la fraction de mercure qui est réduite est importante. Il est donc suggéré
que des fractionnements isotopiques li€s a la réduction ne pourront étre enregistrés que dans
des environnements spécifiques ot les contraintes physico-chimiques sont suffisantes pour
réduire d’importantes quantités de mercure. Ceci implique que I’apport de mercure extérieur
a un systéme, avec une composition isotopique suffisamment fractionnée par rapport au

mercure présent initialement, est susceptible de conserver sa signature isotopique initiale.

La détermination des facteurs de fractionnements sur les isotopes du mercure a sur-
tout été focalisée sur la photoréduction du Hg(Il) en Hg(0) dans les systemes aquatiques.
En effet, ce type de réaction est une des sources d’émission importante du mercure dans
I’atmosphere et contribue pour une grande part au budget de mercure introduit le long de la
chaine trophique. Dans ces réactions, des fractionnements isotopiques indépendants de la
masse ont été mis en évidence, attribués principalement au «magnetic isotope effect». Les
fractionnements indépendants de la masse lors de la photoréduction engendrent des anoma-
lies positives sur les A'”’Hg et A*'Hg pour le Hg(II) en solution et sont contrebalancés par
des anomalies négatives pour le Hg(0) émis a I’atmosphéere. Néanmoins de récents travaux

ont montré qu’en utilisant des médiateurs organiques contenant des composés soufrés, le
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sens du fractionnement isotopique indépendant de la masse pouvait €tre inversé et que la
photoréduction pouvait également engendrer du «nuclear field shift effect». Ces résultats
sont autant d’indices pour interpréter les variations de compositions isotopiques dans les
systemes aquatiques. L’atmosphere est le compartiment de transport du mercure a longue
distance dans lequel de nombreuses réactions chimiques et photochimiques interviennent
pour déposer le mercure dans les écosystemes. Il n’existe a I’heure actuelle aucune expé-
rimentation sur les réactions responsables de la déposition (ex: oxydation du Hg(0) par les
halogenes, Bret Cl). Afin d’entrevoir la compréhension du cycle biogéochimique du mercure,
il faut donc focaliser les prochains travaux expérimentaux sur la mesure des fractionnements

1sotopiques lors de I’oxydation du mercure élémentaire.

o Utilisation des isotopes du mercure appliquée a la discrimination et

au tracage des sources anthropiques dans I’environnement.

Le mercure émis dans I’atmosphere par les sources anthropiques provient essentiel-
lement des compartiments géologiques. La documentation des variations de composition
isotopique de ces environnements a révélé une large gamme de fractionnements dépendants
de la masse associée a de faibles fractionnements indépendants de la masse. Dans ce travail,
nous nous sommes basés sur I’hypotheése que les sources d’émission anthropique du mer-
cure dans ’atmosphere ne présentaient que peu ou pas de fractionnement indépendant de
la masse. L’analyse de la composition isotopique des lichens a révélé des fractionnements
indépendants de la masse négatifs sur les A'"”Hg et A*'Hg attribués au «magnetic isotope
effect». Les lichens étant considérés comme des échantillonneurs de la matiére atmosphéri-
que, il a été suggéré que le Hg de 1I’atmosphere contenait ces anomalies de fractionnement
isotopique. La photoréduction du mercure aquatique produisant des anomalies négatives
pour le Hg(0) émis a I’atmosphere, nous avons suggéré que I’atmosphere était le réservoir
complémentaire du compartiment aquatique en terme d’anomalies isotopiques. Néanmoins,
la gamme de variations des anomalies mesurées dans des lichens situés a plusieurs endroits
du globe indiquait qu’elles ne pouvaient pas uniquement provenir de la photoréduction du
mercure aquatique. La composition isotopique a été interprétée dans une premicre approche
comme un mélange entre le réservoir atmosphérique global et les sources anthropiques ne
possédant que peu ou pas d’anomalie. Néanmoins, tout bilan est difficile a mettre en place
car le mercure anthropique émis ne possédant pas d’anomalie isotopique peut en développer

au cours de sa vie dans le cycle biogéochimique avant d’étre réémis dans I’atmosphere.

Dans I’étude de la composition isotopique des lichens de la région de Metz, nous avons

pu mettre en évidence que I’anomalie enregistrée par le lichen est caractéristique de la zone
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d’échantillonnage de ce lichen. Ainsi, dans les zones ou I’'impact anthropique est le plus fort,
les lichens présentent les plus faibles anomalies isotopiques. Ces résultats ont été interprétés
en termes de mélange de sources dans lequel le lichen échantillonne le mercure provenant
du réservoir global d’un c6té (avec des anomalies isotopiques négatives) et, de 1’autre, les
sources anthropiques directes qui ne contiennent pas d’anomalies. Ce modele simple est
bas€ sur I’hypothese que le transport du Hg dans 1’atmospheére et la déposition dans le li-
chen n’engendrent pas de fractionnement isotopique. Comme énoncé précédemment, il est
nécessaire de mener des expérimentations afin de déterminer si I’oxydation atmosphérique
engendre un fractionnement isotopique ou non, s’il peut étre accompagné de fractionnements
indépendants de la masse et si oui, de quelle amplitude. L’analyse des compositions isotopi-
ques dans différents lichens en fonction de I’espece et de I’année d’échantillonnage suggere
qu’aucun fractionnement isotopique significatif ne modifie la composition isotopique du
mercure dérivé de 1I’atmosphere. Pour donner suite a ces travaux, il reste nécessaire d’étudier
expérimentalement 1’incorporation du mercure par le lichen afin de déterminer s’il existe

aussi des fractionnements isotopiques associés.

De plus, des fractionnements isotopiques indépendants de la masse privilégiant le
21Hg par rapport au ”Hg ont été mesurés dans les lichens de la zone urbaine et peuvent
entre autre étre interprétés par des mélanges de processus dans 1I’atmosphere. Ce type de
fractionnement contraste avec tous les autres travaux expérimentaux et théoriques reportant
des enrichissements plus important en ’Hg qu’en **'Hg et indique qu’il reste de nombreux
travaux a réaliser d’un point de vue expérimental mais aussi théorique. A 1’heure actuelle,
seul un travail théorique sur le «nuclear field shift effect» a été réalisé. Les géochimistes des
isotopes du mercure doivent donc travailler de concert avec des théoriciens afin de percer les

secrets des nombreux modes de fractionnements indépendants de la masse.

La combinaison des fractionnements isotopiques dépendants et indépendants de la
masse ont permis de discriminer les sources anthropiques d’émissions atmosphériques
du mercure dans 1’agglomération de Metz, montrant des contrastes significatifs entre les
sources dans les zones urbaines et les zones industrielles. Ils ont permis de tracer le mercure
émis des sources industrielles dans la vallée réceptrice de ces émissions. De plus, ils ont
rendu possible le tracage du mercure émis en zone urbaine dans les zones périurbaines et
rurales. Néanmoins, il n’a pas été possible de déterminer précisément la contribution de la
source anthropique par rapport au mercure atmosphérique global, car ce réservoir est pour
I’instant mal caractéris€é. De nombreux travaux restent a faire pour déterminer précisément
la composition isotopique de I’atmosphere a différentes échelles. Ces travaux ont mis en
évidence que I’atmosphere, méme si elle est globalement homogene du point de vue de sa

concentration, ne 1’est siirement pas du point de vue de sa composition isotopique.
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L’analyse de la composition isotopique dans les sols contaminés par la fonderie Pb-Zn
de Metaleurop a montré clairement que le mercure était issu d’un mélange entre un péle de
contamination et le mercure du fond géogénique. Dans ces sols, aucun fractionnement isoto-
pique indépendant de la masse significatif n’a ét€ mesuré. Dans ce «cas d’école», I’analyse de
la composition isotopique des poussieres émises a la cheminée a montré que la fonderie était
bien a I’origine de cette contamination. De plus, les relations mises en évidence entre la com-
position isotopique et la concentration en mercure ont montré que la signature isotopique de
la source de contamination est conservée avec le temps et les conditions physico-chimiques
du sol. Ainsi, les processus menant a la mobilité ou a I’évasion du mercure du sol ne se sont
pas produits dans une proportion assez importante pour altérer cette signature. Néanmoins,
n’ayant pas mesuré la signature isotopique exacte du fond géochimique, nous n’avons pas

déterminé la contribution de la fonderie dans les sols en fonction de la distance.

L’étude de la composition isotopique dans les sols de Metz a été réalisée dans un
contexte urbain. De nombreuses sources anthropiques ont pu €tre mélangées, participant
aux teneurs €levées en mercure de certains sols de la zone d’étude. Cette zone contient une
centrale de combustion de charbon et un incinérateur, qui peuvent étre des sources impor-
tantes de mercure. La centrale de combustion de charbon est en activité depuis le début des
années 60. En 1992, elle s’est équipée de turbines a gaz et le charbon ne représente plus que
10% de la production actuelle d’électricité. Aucune donnée sur ses émissions de mercure ne
nous a été€ fournie. D’un autre c6té, un premier incinérateur avait ét€ construit en 1969 sur le
site de incinérateur 1’actuel. Avant sa fermeture en 1997, la concentration des émissions en
mercure en sortie de cheminée était de I’ordre de 100 xg.Nm™ (concentrations élevées, mais
en dessous des normes d’émissions en vigueur a I’époque). Un nouvel incinérateur équipé
des meilleures technologies disponibles pour I’épuration des fumées a été mis en service en
2001.

La composition isotopique du mercure dans les sols de 1’agglomération de Metz a
révélé un mélange entre un pdle de contamination anthropique et le mercure du fond géo-
génique. Des fractionnements indépendants de la masse de trés faible amplitude ont été
mis en évidence uniquement dans les sols les plus faiblement concentrés. Comme dans
le premier cas d’étude, nous montrons ici que la composition isotopique du mercure est
préservée avec le temps et les conditions du sol. Ayant mesuré la composition isotopique
du fond géochimique, nous avons déterminé précisément la contribution de la source de
contamination dans chacun des sols de la zone étudiée. Les sols fortement impactés par la
source anthropique présentaient une dispersion restreinte autour de la zone de I’incinérateur
et de la centrale de combustion de charbon, pointant ces deux sources comme des contri-
buteurs potentiels de contamination. Au regard de la littérature, les charbons ont une valeur

moyenne de 6**Hg de 1’ordre de-1%o significativement différente de la signature isotopique
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du pdle de contamination. D’autre part, les centrales de combustion de charbon émettent
principalement du Hg" alimentant majoritairement le réservoir atmosphérique. Assumant
qu’aucun fractionnement entre le charbon et les émissions de la centrale de combustion ne
s’est produit, la centrale de charbon n’est probablement pas la source anthropique ayant

engendrée les teneurs élevées en mercure dans les sols.

Du point de vue de l'incinérateur, des résultats préliminaires sont présentés suc-
cinctement en annexe 2. Les concentrations en mercure mesurées dans les émissions sont
actuellement de 1’ordre de 2 ug.Nm™ (en dessous des normes en vigueur: 50 yg.Nm), soit
environ 50 fois plus faibles que 1’ancien incinérateur. Le Hg(II) est la forme chimique la
plus représentée dans les émissions de mercure (61% pour Hg(Il) contre 39% pour Hg’),
en accord avec la littérature. L’étude de la composition isotopique des cendres a I’intérieur
de I’incinérateur indique que le mercure est soumis entre autre a des processus de conden-
sation physique. La composition isotopique sur les trois campagnes de mesure menées sur
plusieurs années indique une valeur 8°?Hg moyenne pour les déchets entrant de -0.58%o
sans fractionnement indépendant de la masse, représentatif des grands gisements de mer-
cure. L’investigation de la composition isotopique du mercure en sortie de cheminée en
fonction de sa spéciation sur trois campagnes de mesure en 2009 permet de fournir des
éléments intéressants du point de vue de la signature des émissions de ce type de systéme
industriel. Aucun fractionnement indépendant de la masse n’a été mesuré sur le Hg(II) émis,
susceptible de se déposer a proximité de 1’incinérateur. De plus, la composition isotopi-
que moyenne du Hg(Il) émis est de ’ordre de 0.1%o0. Cette valeur coincide avec la valeur
de la source de contamination révélée par I’étude de la composition isotopique des sols a
proximité de I’incinérateur. Ainsi, en admettant que la composition isotopique des déchets
et celle du Hg(IT) en sortie de cheminée n’ont pas varié au cours du temps entre les deux
incinérateurs, I’ancien incinérateur est vraisemblablement a 1’origine de la contamination en
mercure mesurée dans les sols. Cette étude ouvre aussi de nombreuses perspectives sur la
compréhension des réactions mises en jeu dans les processus de combustion. Par exemple,
des fractionnements isotopiques indépendants de la masse ont été mesurés sur le Hg® émis,
et sont certainement représentatifs de la qualité de la combustion et/ou du fonctionnement
des systemes d’épurations des fumées. Cependant, ces fractionnements indépendants de la
masse attribués au «magnetic isotope effect» ont été créés a I’intérieur de 1’incinérateur
sans intervention de processus photochimiques. Une nouvelle fois, ces résultats montrent a
quel point il est nécessaire de caractériser expérimentalement et théoriquement les différents

types de fractionnements indépendants de la masse du mercure.

Plus généralement, dans ce travail, nous avons mesuré la composition isotopique
de deux systemes anthropiques. Nous avons discriminé des sources anthropiques du fond

géochimique. Nous avons tracé des émissions des €émissions anthropiques a une échelle de
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quelques kilométres carrés dans des sols. A une échelle de plusieurs centaines de kilométres
carrés, nous avons utilisé la composition isotopique des lichens pour discriminer les sources
anthropiques directes du réservoir atmosphérique. Nous pouvons de plus entrevoir que les
1sotopes du mercure pourront un jour tracer les sources anthropiques a une échelle globale.
Ce travail pose les bases du tragage des pollutions en utilisant les isotopes du mercure comme
traceur de ses €émissions et ouvre de nombreuses perspectives a explorer et notamment sur
les phénomenes de déposition du mercure atmosphérique. D’autre part, 1’investigation de
la composition isotopique dans les systemes industriels doit €tre un axe a développer afin
d’étudier les processus réactionnels et de déterminer 1’influence des procédés de combustion
et d’épuration sur la composition isotopique des formes de mercure émises a I’atmosphere.
Dans tous les cas, la méthodologie mise en oeuvre dans cette these pourra €tre utilisée pour une

application a la discrimination et au tragage de nombreuses autres sources de pollutions.
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