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Mass-dependent (MDF) and mass-independent fractionation (MIF) may cause characteristic isotope
signatures of different mercury (Hg) sources and help understand transformation processes at
contaminated sites. Here, we present Hg isotope data of sediments collected near industrial pollution
sources in Sweden contaminated with elemental liquid Hg (mainly chlor-alkali industry) or phenyl-
Hg (paper industry). The sediments exhibited a wide range of total Hg concentrations from 0.86 to
99 ng g™, consisting dominantly of organically-bound Hg and smaller amounts of sulfide-bound Hg.
The three phenyl-Hg sites showed very similar Hg isotope signatures (MDF 8*"*Hg: -0.2 to -0.5%o,
MIF A'*°Hg: -0.05 to -0.10%o). In contrast, the four sites contaminated with elemental Hg displayed
much greater variations (8°?Hg: -2.1 to 0.6%o, A'”’Hg: -0.19 to 0.03%o) but with distinct ranges for
the different sites. Sequential extractions revealed that sulfide-bound Hg was in some samples up to

1%o heavier in 82

Hg than organically-bound Hg. The selectivity of the sequential extraction was
tested on standard materials prepared with enriched Hg isotopes, which also allowed to assess
isotope exchange between different Hg pools. Our results demonstrate that different industrial

pollution sources can be distinguished based on Hg isotope signatures, which may additionally

record fractionation processes between different Hg pools in the sediments.
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Introduction

Mercury (Hg) pollution is a serious threat for human health and the environment, especially
due to the formation of neurotoxic bioaccumulating methyl-Hg in anoxic sediments and soils."” The
United Nations Environment Programme (UNEP) has recently launched a legally binding global
mercury convention with the goal of minimizing further anthropogenic Hg release into the
environment.* Besides fossil fuel combustion and mining-related emissions, industrial activities
represent one of the most important sources of anthropogenic Hg to the environment. Mercury has
been used in many different industrial processes’ due to its unique physicochemical properties.
Some of the Hg released from industrial sources is emitted to the atmosphere and can be transported
in gaseous form over large distances even at the global scale. However, significant Hg releases from
industrial sources also occur in solid or liquid form, for instance with wastewater. These releases
have primarily local effects on ecosystems in the vicinity of the industrial facility where the Hg may
exert negative impacts on aquatic foodwebs and accumulates in sediments and soils. A recent
inventory of Hg releases from commercial products suggests that non-atmospheric pollution

pathways may play a larger role for the historical global Hg budget than previously realized.®

For instance, the use of elemental liquid Hg as a catalyst in the chlor-alkali process, generating
chlorine gas (Cl,) and caustic soda (NaOH) by the electrolysis of NaCl brines, represents an
important industrial Hg pollution source. Although alternative methods are currently replacing the
Hg-cell process in the chlor-alkali industry®, it was one of the preferred methods for many decades
and these plants were in operation worldwide. A typical Hg-cell may contain up to 3 Mg of liquid
Hg and there were often about 100 cells per plant.” As a result of using these large volumes of
elemental Hg, which was pumped as a catalyst to transport Na in amalgamated form out of the
electrolysis cell, substantial amounts of Hg were released to the environment at many places and
over long time periods. Most Hg emission inventories focus on releases to the atmosphere. For
instance, estimates of current worldwide Hg emissions to air from caustic soda production of up to
163 Mg a™ ® or a cumulative total of 4240 Mg up to the year 2008’ were reported. Total emissions to
air, water, and wastes from chlor-alkali plants in Western Europe were estimated at 9.5 Mg a”' Hg in
1998, but significant discrepancies exist between the reported emissions and the amount of Hg
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purchased to replace Hg in cells.® This may be partly explained by large losses of Hg with
wastewater, as revealed today by some highly contaminated sediments, for instance in connection to
the Swedish chlor-alkali industry.'® The Hg-cell process is becoming less common in the chlor-alkali
industry, but many older plants are still in operation and contaminated sites with large amounts of
released legacy Hg will continue to be an environmental threat even after a complete phase-out of

the technology.**

A second important industrial pollution source was the use of Hg as a biocide, for instance in
the paper and pulp industry, where pulp fibers are stored in large ponds to which phenylmercuric
acetate (in short: phenyl-Hg) was added as “slimicide” to prevent the growth of microorganisms.
About 390 Mg Hg in the form of phenyl-Hg was used in Sweden between 1941 and 1968, when the
use of phenyl-Hg was banned.'"' Mercury-containing slimicides were also used in the Canadian
paper and pulp industry between about 1940 and 1970 and, for example, a weekly consumption of 1
gallon (~3.79 L) containing 5.3 weight-% Hg from a single paper mill (corresponding to about 11 kg
a”' Hg) was reported.'”” A loss of about 40% of the used Hg to the effluent was estimated.'' In
Sweden, these two industrial Hg emission sources were often spatially connected due to the use of
chlorine gas for the bleaching of paper, so that chlor-alkali plants were sometimes located in the
direct vicinity of paper and pulp storage ponds. Total Hg emission estimates from the Swedish forest
industry amount to 1000 Mg, mostly coming from chlor-alkali plant, but including about 145 Mg
originating from the use of phenyl-Hg for pulp preservation.” Some of the pulp fibers were
discharged with wastewater from the industrial sites and later deposited in nearby sediments of lakes
or coastal environments. Other industrial facilities handling elemental Hg (e.g., manufacturing of
mercury-arc valves) provided additional contamination sources. The Hg concentrations in these
polluted sediments are often several orders of magnitude above geogenic background values and
pose a threat for aquatic ecosystems, especially due to the microbially-mediated formation of
methyl-Hg under anoxic conditions. Both elemental Hg and phenyl-Hg are unstable under
environmental conditions in terrestrial and aquatic systems and are rapidly converted to Hg(Il),
which in turn forms complexes with functional groups in natural organic matter (NOM), degraded

pulp fibers, and/or forms sulfide minerals in the sediments.'’
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84 Determining the origin of Hg pollution in sediments can be challenging considering the
85  possibility of multiple Hg sources. Stable Hg isotope signatures could potentially help differentiating
86  between pollution sources with distinct isotopic signatures as well as tracing Hg transformations in
87  the sediments. Mercury has seven stable isotopes ('*°Hg, '"*Hg, *’Hg, *""Hg, **'Hg, *"*Hg, **'Hg)
88  which are affected by mass-dependent fractionation (MDF) and mass-independent fractionation
89  (MIF). Research over the last decade has revealed the potential of Hg isotope signatures as tracer for

90  sources and processes in biogeochemical Hg cycling.'*"’

In addition to fractionation driven by
91 differences in isotopic mass, mercury isotopes are additionally affected by nuclear volume
92  fractionation (also denoted as nuclear field shift effect) due to differences in nuclear charge radii
93 between the different Hg isotopes,'® as well as magnetic isotope effects influencing only the odd
94  mass isotopes *’Hg and **'Hg possessing nuclear spin and magnetic moment.'” Thus, Hg isotopes
95  provide a multidimensional tracer system in which different isotope ratios can be used to trace
96 different fractionating processes. There are still many unknowns about the exact fractionation factors
97  and mechanisms of Hg isotope fractionation in natural and industrial systems. However, it is now
98 clear that different Hg sources can have different isotope signatures and that biogeochemical Hg
99  transformations are able to change Hg isotope signatures in a systematic manner.'*" Several

100  previous studies have used Hg isotope signatures to investigate Hg pollution from different

101  industrial or other anthropogenic sources. For instance, contaminated sediments near zinc metal

102 refineries in Belgium and France'® or near a chemical plant in China in which elemental Hg was

103 used as a catalyst to produce acetic acid'’ were found to exhibit different Hg isotope ratios compared

104  with local geochemical background samples. Further studies discussed potential industrial

2023 o1 for

105  contributions and applied mixing models for sediments affected by multiple Hg sources
106  soils and sediments primarily affected by atmospheric pollution sources.”**° Another recently
107  published study?’ investigated contaminated sediments near the Oak Ridge facility (TN, US) and

108  used Hg isotope signatures to trace the mixing of industrial releases from the site with other local

109 sources.

110 However, none of the previous studies has directly compared different local industrial

111 pollution sources such as elemental Hg and phenyl-Hg with respect to Hg isotope ratios in

4
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contaminated sediments. The objectives of this study were (1) to assess whether sediments polluted
by different local industrial sources have distinct Hg isotope signatures, potentially allowing a
source allocation based on Hg isotope signatures, (2) to test the suitability of a sequential extraction
procedure designed to separate organically-bound and sulfide-bound Hg, and (3) to study Hg isotope
fractionation between the dominant Hg pools in contaminated sediments using the sequential
extraction procedure, allowing to gain insights into potential fractionation processes during

transformations of Hg within the sediments.

Experimental Section

Sampling sites. Sediment samples from seven sites in different regions of Sweden were investigated
in this study. An overview about the location and characteristics of the different sites is given in
Figure S1 and Table S1 (Supporting Information, SI). The samples were collected between 2004 and
2006 and have been described in detail before'® and investigated for their porewater chemistry, Hg
speciation, and methylation and demethylation potential.”®>' In the following, we use the
abbreviations of the name of the sampling location to describe samples from the sites: Ala Lombolo
(Ala), Karlshill (Kar), Képmanholmen (K&p), Skutskédr (Sku), Marnistjarn (Mar), Turingen (Tur),
and Notofjarden (Not). Two of the sediment cores (Kop and Sku) were taken in brackish water,
whereas the other five were collected in freshwater environments. All sites were affected by local
pollution from nearby industrial sources, releasing either elemental Hg (K6p and Sku: chlor-alkali
industry, Mar: mercury-arc valve production, Ala: mining industry) or phenyl-Hg (Kar, Tur, N6t:
paper and pulp industry). In many cases, the pollution was linked to the discharge of pulp fibers
from industrial sites, which was still recognizable in most of the sediment cores (all except Ala and
Mar). A detailed sampling protocol is given by Drott.** Briefly, sediment cores were taken with a
polycarbonate core sampler and separated into different depth segments. Sediment material from
multiple cores sampled in a 1 m” area was pooled and later homogenized in the laboratory. Most
samples originated from depth segments within the top 25 cm of the sediment, except for one site
(Sku) where a sediment core down to 1 m depth was collected. In this study, between two and seven
samples per sampling site were analyzed for Hg isotope ratios, representing a subset of the total
samples previously investigated.
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140  Sample preparation. For the analyses performed in this study, the samples were dried at 40°C. For
141  the aqua regia digests, between 500 and 1000 mg homogenized material was reacted overnight with
142 3 mL conc. HNO;, 8 mL conc. HCI, and 1 mL 0.2 M BrCl (in 12 M HCI, prepared after Bloom et
143 al.**) in Teflon vials on a lateral shaker in a fume hood. After the addition of 10 mL H,O (DDI,
144 doubly deionized, Milli-Q, Millipore, >18.2 MQ cm), the digest solutions were filtered through
145 0.2 um-PTFE filters and stored in glass vials with Teflon-coated lids. For the sequential extractions,
146 1000 mg sample was reacted with 20 mL 6 M HNOs for 2 h according to the procedure by Hall et
147  al.** targeting the dissolution of all non-sulfide phases from the sediment. After separation of the
148  supernatant by centrifugation (15 min, 3500 rpm) and filtration through 0.2 um-PTFE filters, the
149  sediment residue was digested with aqua regia as described above for the total digest samples. The

150  reference material NIST-2711 (Montana Soil) was processed in parallel to the samples.

151 Dissolution tests and enriched Hg isotope tracer experiments. To investigate the selectivity of
152  the 6 M HNOj extraction procedure for non-sulfide Hg forms, we conducted two series of extraction
153  experiments, one with naturally abundant Hg and one with enriched stable Hg isotope tracers. The
154  natural abundance series was conducted with a single material present (either NOM-bound Hg or
155  sulfide-bound Hg) to test the selectivity of the extraction step. In contrast, the enriched isotope
156  (“spike”) series was performed on a mixture of NOM-bound and sulfide-bound Hg to assess the
157  potential influence of isotope exchange processes during the extraction procedure. For the natural
158  abundance series, we used commercially available meta-cinnabar (3-HgS, Hg(II) sulfide black, Alfa
159  Aesar) and a natural peat material (“Federseetorf”, previously used and characterized in our
160 1aboratory35) which had been amended with a Hg(Il) nitrate solution to a concentration of
161 2.9 ug g’ Hg. For the experiments with naturally abundant p-HgS, an additional dissolution test with
162 6 M HCI instead of 6 M HNO;s was performed to assess the potential effect of chloride on the
163  dissolution process. For the experiment with enriched stable Hg isotope tracers, we used a B-HgS

164  precipitate prepared from a **'Hg-enriched spike and a NOM sample spiked with enriched '’

Hgtoa
165  concentration of 5.8 pgg’ Hg. Further details about the spike composition, preparation and
166  characterization procedures can be found in Jonsson et al.*® The enriched isotope spike experiments
167  were conducted in triplicate by mixing equal aliquots containing approximately 10 pg Hg of *Hg-

6
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NOM and of **'Hg-HgS with 500 mg quartz sand (previously heated to 550°C for 4 hours to remove
potential Hg traces) serving as artificial sediment matrix for the extraction experiments. The vials
were filled to a volume of 15 mL with DDI H,O. One experimental set was immediately extracted
by adding 10 mL conc. HNOj to the vial, resulting in a final concentration of 40% or 6 M HNO:;.
The second experimental set was first equilibrated for 48 h (end-over-end shaking in the dark)
before the 6 M HNO; extraction was started, to assess the potential influence of slow isotope
exchange between '“’Hg-NOM and *°'Hg-HgS on the extraction procedure. In all experimental
series, the 6 M HNOs extraction was conducted over 2 h, designed to dissolve all non-sulfidic Hg
forms according to Hall et al.,** before the supernatant was separated by centrifugation (15 min at
3500 rpm) and filtration (0.2 um-PTFE filters). The residue was digested with aqua regia, identical
to the procedure described above for the sediment samples. All experiments with enriched Hg
isotope spikes were conducted in a designated clean chemistry laboratory and all solutions and

labware were kept strictly separated from the field samples and natural abundance experiments.

Analytical methods. Mercury concentrations in the digest and extraction solutions were measured
by cold vapor — atomic fluorescence spectrometry (CV-AFS, Millennium Merlin, PS Analytical),
except for the samples from the enriched spike experiments which were analyzed by cold vapor -
single-collector - inductively coupled plasma mass spectrometry (CV-ICP-MS, Agilent 7500) using

373% and described previously®’

a reverse isotope dilution approach adapted from published methods
to quantify the contributions of ""’Hg-NOM and **'Hg-HgS in the extraction samples. Mercury
isotope ratios were determined by cold vapor multi-collector inductively coupled plasma mass
spectrometry (CV-MC-ICPMS) using a Cetac HGX-200 cold vapor generator connected to a Nu
Plasma MC-ICPMS (Nu instruments). Mass bias correction was performed by a combination of
standard-sample bracketing using NIST-3133 and external normalization using a Tl standard
solution (NIST-997) introduced via a desolvation nebulizer together with the Hg vapor into the
plasma. Prior to Hg isotope ratio analysis, all solutions were diluted to 20 ug L' Hg in 1% BrCl
matrix. The details of our analytical procedure for Hg isotope measurements have been described

42,43

before.***!  The results are reported following standard nomenclature with

8202Hg = [(202Hg/ 198Hg)smple / (202Hg/ 198Hg)NIST_3133] -1 for mass-dependent fractionation (MDF)
7
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196 and A”Hg=5""Hg—-(5**Hgx0.2520) or A™Hg=5""Hg—(5"Hgx0.7520) for mass-

197  independent fractionation (MIF). No MIF anomalies of **’Hg or ***

Hg were observed for the
198  samples of this study. The reported 2SD uncertainty of the sample results was based on the
199  reproducibility of our in-house standard (ETH Fluka Hg) measured repeatedly in the same analytical
200 session which was typically +0.15%o, +0.09%0, and +0.04%. for 8*“’Hg, A'*’Hg, and A*'Hg,
201  respectively (n = 17), but slightly variable between different sessions (standard reproducibility of
202  individual session is used for sample reporting). Analyses of the secondary standard UM-Almadén
203 (8*"Hg =-0.50+0.07%o, A"’Hg = -0.06:0.13%0, A*°'Hg =-0.04£0.07%o, 2SD, n=6) and reference

204  material NIST-2711 (8***Hg = -0.10%o, A'*’Hg = -0.20%0, A**'Hg = -0.18%o) relative to NIST-3133

205  were consistent with published data,****** demonstrating the accuracy of our isotopic analyses.

206  Results and Discussion

207  Hg concentrations and Hg isotope ratios. The sediment samples exhibited a wide range of Hg
208  concentrations from 0.86 to 99 pgg’ (Figure 1), all of them highly elevated above natural
209  background concentrations. The geogenic background can be estimated from the average Hg content
210  in Swedish bedrocks (0.0036 pg g™)'' or the average Hg concentration of mineral C horizons of
211  Swedish soils (0.013 pg g™).*> For the organic matter dominated sediments in this study, natural
212 background concentrations would be expected to be on the order of 0.1 pgg' Hg. The Hg
213 concentrations in our contaminated sediments varied substantially among samples within a site. For
214  instance, the samples from Kopmanholmen (K&p) encompassed both the lowest and highest Hg
215  concentration of all samples, illustrating the heterogeneity of the contamination within the sampling
216  sites. One reason for this may be the mixing of contaminated fiber material and non-contaminated
217  mineral matter in the sediments from K&p.”® At this site, a stream outlet was covering some of the
218 area with newly deposited silicate minerals, diluting the contaminated fibers. In general, the
219  concentrations were higher and more variable in samples from the four sites which were
220  contaminated with elemental Hg, whereas the three phenyl-Hg sites had somewhat lower and less
221  variable concentrations ranging from 1.6 to 3.0 pgg’, except for one sample with a higher

222 concentration of 10.3 pg g”'. The Hg isotope analysis revealed large differences and distinct ranges

ACS Paragon Plus Environment
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between the different sampling sites (Figures 1 and 2). The three phenyl-Hg sites displayed very
similar or even identical signatures (MDF &°**Hg: -0.2 to -0.5%0, MIF A'”’Hg: -0.05 to -0.10%o). In
contrast, the four sites contaminated with elemental Hg showed much greater variations (8202Hg: -
2.1 to 0.6%o, A'Hg: -0.19 to 0.03%o), but with distinct ranges for the different sites. Specifically,
the most negative 8202Hg values were found in the K&p samples ranging from -2.10 to -1.52%o,
followed by the Sku samples with -1.40 to -0.60%o, and the Ala samples with a range of -0.53 to -
0.25%0. In contrast, the Mar samples were characterized by a strong enrichment of heavy Hg
isotopes with a 8*?Hg range of +0.45 to +0.57%o. In addition, these samples exhibited distinct

negative A'”’Hg values of -0.12 to -0.19%o, whereas the other samples from elemental Hg sites had
A" Hg values close to 0%o.

. 202
There was no correlation between §°°

Hg and Hg concentration (Figure 1) or its inverse
(1/Hg) which would indicate the mixing of different isotopic endmembers. As detailed in the
following sections, our data rather suggest that the different industrial pollution source signatures
were largely preserved in the sediment samples and that the large concentration ranges were caused
by dilution processes and mixing with uncontaminated material, which is not able to change the Hg
isotope composition due to the very low natural Hg contents. According to historic sources and
interviews with former employees (conducted by Ulf Skyllberg), all Hg used in the Swedish industry
originally came from Almadén in Spain, the largest Hg mine in the world. Although roasting
processes at Hg mines have been shown to cause large Hg isotope fractionations in the residual ore
waste (calcine)*, the produced elemental Hg can be assumed to exhibit a relatively homogeneous

isotopic composition based on mass balance considerations. The isotopic variability of Hg from
Almadén has not been completely explored yet, but a recent study reported an average 5°°*Hg value
of -0.56+0.35%0 (1SD, n = 7) for cinnabar (HgS) ore from the Almadén mine.*” Moreover, 8202Hg
values of metallurgical liquid Hg” from retorting (-0.56£0.35%o, 1SD, n = 3)*” and a compilation of
liquid Hg’ data from different sources (-0.39+0.37%o, 1SD, n = 7)** including the UM-Almadén
standard (-0.54%0)** have been published. Thus, the available literature data suggest that a 5°*Hg

value of about -0.5%o relative to NIST-3133 represents a reasonable estimate of the source signature

ACS Paragon Plus Environment
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250  from Hg used in industrial facilities in Sweden. Similar Hg isotope signatures have also recently
251  been reported from estuarine sediments in the Northeastern USA, some of which were also affected
252 by industrial pollution.”> Assuming that the synthesis of phenyl-Hg from elemental Hg was a process
253  with a high yield, its Hg isotope composition likely corresponded to the initial source signature. Our
254  isotopic data from the contaminated sediments collected in the vicinity of paper and pulp industry
255  facilities emitting phenyl-Hg indicate that there was no significant Hg isotope fractionation
256  occurring during the transport of contaminated pulp fibers into the sediments and during the
257  presumably rapid and complete transformation of phenyl-Hg into Hg(II) bound to organic matter.
258  Thus, the finding that all three phenyl-Hg sites displayed nearly identical isotopic signatures, which
259  likely correspond to the initial industrial source material, suggests that no major Hg losses (e.g.,
260  reduction and gaseous Hg emission into the atmosphere which would cause significant isotope

261  fractionation) occurred at these sites during or after the deposition of the contaminated sediments.

262 The much higher isotopic variability found at some of the elemental Hg sites (Sku and Kop)
263  may be largely explained by Hg isotope fractionation occurring between different Hg pools in the
264  industrial system, in this case the chlor-alkali process. The pumping of large volumes of elemental
265  Hg within the chlor-alkali cells in which a Na-Hg amalgam was formed in one compartment of the
266  cell and elemental Hg recovered in another compartment of the cyclic process, as well as the
267  possibility of Hg losses from the cells, both in liquid and gaseous forms, provides ample
268  opportunities for significant Hg isotope fractionation. The partial evaporation of elemental Hg has
269  been shown to strongly enrich light Hg isotopes in the vapor phase and heavy Hg isotopes in the
270  solid residue,”° with the extent of the observed fractionation being controlled by the mass balance
271  of the system. In addition, this process is accompanied by mass-independent fractionation caused by
272 nuclear volume fractionation, resulting in small anomalies of '*’Hg and 201Hg in the opposite

273 direction to the mass-dependent fractionation trend recorded by 8%

Hg. Furthermore, elemental Hg
274  can be isotopically fractionated by diffusive processes in gaseous form’' and finally, although not
275  yet documented in the literature, it can be assumed that partial oxidation of elemental Hg to Hg(II)
276  can result in significant changes of Hg isotope ratios in both substrate and product of the reaction.
277  Thus, the source signature of the industrial elemental Hg source might have been altered at multiple

10
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occasions during the chlor-alkali process or other industrial processes, during the emission from the
industrial facility, and finally during the oxidative transformation to Hg(II) and its binding to organic
matter and sulfide-phases in the contaminated sediments. However, the imprint of all these potential
fractionating processes will only be apparent in the product if an incomplete transformation and
subsequent spatial separation of different Hg pools occurred. Thus, even if for instance the oxidation
of elemental Hg to Hg(Il) in the sediments was accompanied by Hg isotope fractionation during the
process, no significant difference in Hg isotope ratios between substrate and product will be
apparent if the transformation process proceeded to completion. Mass balance considerations govern
the extent of observable isotope fractionation during such processes with smaller pools (e.g., first
formed product or last remaining substrate) exhibiting a larger extent of observable isotopic
variation compared with larger pools which cannot be strongly fractionated relative to the initial

isotopic composition.

Considering the complexity of potential Hg emission and transformation pathways from chlor-
alkali plants to contaminated sediments, it appears difficult to provide an unambiguous interpretation
of the large Hg isotope variability found in contaminated sediments collected in the vicinity of chlor-
alkali plants. However, the lack of a correlation of Hg isotope ratios with Hg concentrations at the
sites suggests that secondary Hg loss processes in the sediments (e.g., reduction followed by gaseous
Hg" release) did presumably not play a significant role for the total Hg budget of the sediment
samples. Similarly, methylation of Hg(II) in the sediments and subsequent transfer into aquatic

ecosystems, although well documented by previous studies™"

and of great environmental concern,
affects only a relatively small pool of total Hg in the sediments and will not be able to change the
bulk Hg isotopic composition of the contaminated sediments to a measurable extent. Taken together,

this suggests that the relatively narrow and distinct ranges of Hg isotope signatures from the

elemental Hg sites already existed at the time of deposition into the sediments.

Different emission pathways and other site-specific factors (e.g., elemental Hg processing at
industrial facility, mixing of different Hg sources from partially transformed fractionated pools,

transport to sediments) might have contributed to the distinct isotopic ranges at the other sites. For

199

instance, the Mar samples exhibited positive 8°**Hg and negative A'”’Hg values, which is consistent
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306  with the fractionated residue of a partial evaporation process in which light Hg isotopes are
307  preferentially removed, in conjunction with a small MIF effect by nuclear volume fractionation
308 (NVF).*”" The A" Hg/A*'Hg ratio of the Mar samples (1.58 + 0.19, 1SD) was consistent with
309  NVF (slope 1.6 in Figure S3), but an unambiguous identification of the MIF origin was impeded by
310  the low extent of MIF in the samples. Assuming a starting composition of -0.5%o in §***Hg and using
311 a kinetic Rayleigh model with the fractionation factor of -6.7%o for dynamic evaporation from
312 Estrade et al.*, a partial removal of about 15% of the total Hg by evaporation loss can be modeled
313 for the Mar samples which exhibited 8°"’Hg values of around 0.5%o. The relatively higher
314  temperatures and estimated biological productivity of the Mar site compared with the other
315  elemental Hg sites (Table S1) are consistent with more intense Hg cycling and potential secondary
316  loss processes from the sediments of this freshwater site. Moreover, the elemental Hg source at the
317 Mar site was not the chlor-alkali industry, but rather wastewater from an industrial facility
318  manufacturing mercury-arc valves, a process during which partial evaporation of elemental Hg is
319  certainly conceivable. However, we are not able to differentiate whether the assumed evaporative

320  Hgloss occurred before or after the deposition of the contaminated sediments.

321 The other three elemental Hg sites exhibited either identical (Ala, mining-industry related
322 source) or lighter (Sku and K&p, chlor-alkali industry) 8°**Hg values compared with the assumed
323  initial source composition of -0.5%o. It makes sense that the elemental Hg at the site Ala (used for
324  mineral testing purposes in laboratories of the mining industry) was likely not affected by industrial
325  processing or significant evaporative losses and showed a good agreement with elemental Hg from
326  the Almaden source material. The correspondance with the phenyl-Hg sites further strenghten the
327  conclusion that the phenyl-Hg synthesis was a complete process and that no substantial fractionation
328  occurred in the sediments. Of the remaining three sites, Sku and Kop (chlor-alkali industry) showed
329  an enrichment in lighter and Mar (arc-valve manufacturing) in heavier Hg isotopes. This difference
330 presumably finds its explanation in differences in the industrial processes used at these sites. In
331  contrast to the signature of the heavy Mar signatures presumably caused by evaporation, the very

332 light 8°”?Hg values of the Kop samples (-2.1 to -1.5%o) encompassing a wide range of Hg
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concentrations are difficult to explain with fractionation processes in the sediments and more likely
indicative of the formation of a relatively large pool of isotopically light Hg during industrial
processing of elemental Hg which was then released from the site. One of the Sku samples showed a
much lighter §°**Hg of -1.40%o compared with the other six Sku samples (0.6 to -0.9%o) which
coincided with a deeper sampling depth (80-100 cm, Figure S2), potentially indicating a different
depositional history of this particular sample (e.g., originating from an older release phase of the
chlor-alkali plant possibly carrying a different Hg isotope signature) compared with the other more
shallow samples from the Sku site. Overall, the narrow range of Hg isotope signatures from samples
of an individual site (Figure 2), despite large Hg concentration gradients, is remarkable and suggests
that the allocation of different pollution sources to contaminated sediments based on distinct Hg
isotope signatures can be possible. However, the possibility of Hg isotope fractionation during
industrial processing (largely governed by mass balance constraints as discussed above) needs to be
considered in the assessment of “industrial” source signatures and may present a challenge for the
application of mixing models based solely on the signatures of raw materials (e.g., elemental Hg

from Almadén or other mines).

Sequential extractions and selectivity tests. The extraction tests with naturally abundant and
enriched spike materials demonstrated the general selectivity of the 6 M HNOj; procedure for non-
sulfidic Hg, but also illustrated the limitations of the method. As expected, only 0.27% of total Hg
dissolved from the commercially available B-HgS during the 2 h extraction with 6 M HNOs3, in
contrast to 85.2% dissolution from the NOM-bound Hg(Il) in the peat sample. Using 6 M HCI,

3.51% of total Hg was dissolved from B-HgS, consistent with previous findings™*>*

reporting
slightly enhanced HgS dissolution with hydrochloric acid. The enriched spike experiments with both
materials present showed a similar picture with only 1.65% of the total **'Hg from B-HgS dissolving
during the 6 M HNOj; step. However, only 26.2% of the total '*’Hg from NOM was released during
the extraction. After the 48h pre-equilibration of the two spiked materials, the released percentage
increased slightly to 3.10% dissolution of **'Hg (sulfidic) and 34.1% of *’Hg (NOM-bound) during

the 6 M HNOj; extraction, indicating only a relatively minor influence of isotope exchange during

the pre-equilibration and extraction procedure. The low extraction efficiency for the NOM-bound

13
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361  '"’Hg during the extraction can be potentially explained by different bonding characteristics of the
362 two NOM materials and different aging times of the Hg-NOM materials before conducting the

199

363  experiment of the ~ Hg-spiked NOM material compared with the peat sample to which naturally

364 abundant Hg had been added. It has been shown before that longer reaction times between Hg(II)

365 and NOM may decrease the mobility and bioavailability,*>~°

presumably due to the formation of
366  more stable bonding environments of Hg(II) in NOM over time. Obviously, not all NOM-bound Hg
367 is extracted during the 6 M HNO; procedure and this probably depends on the properties of the
368 NOM material as well as the reaction time of Hg(I) with the NOM material. However, most
369  importantly the fraction of sulfide-bound Hg which was released during the 6 M HNO; extraction

370  step was always relatively small. Nevertheless, it is clear that the performed sequential extraction

371  procedure is not able to separate the two operationally-defined Hg(II)-binding forms completely.

372 In order to test whether the incomplete extraction could cause artificial stable isotope
373  fractionation, we analyzed the Hg isotope ratios of the extraction series with the natural abundance
374  materials. As shown in Table 1 (and Figure S4), there was no significant difference in 8°**Hg
375  between the small fraction of Hg dissolved from HgS by 6 M HNOs (or 6 M HCI) and the residue
376  dissolved with aqua regia. Similarly, the isotopic composition of the 85.2% dissolved Hg fraction
377  from the peat sample was indistinguishable from the residue and the total digest of the peat sample.
378  Thus, although the 6 M HNOs extraction procedure was not completely selective and apparently not
379  always able to mobilize NOM-bound Hg completely, it appears that no isotopic bias is introduced by
380  the extraction procedure. Moreover, the results of the spike experiment indicate that organically-
381  bound and sulfide-bound Hg represent stable Hg pools which exchange only to a relatively small
382  extent during the extraction. In consequence, isotopic variations between extracts of natural samples
383  are in the following interpreted as differences in the isotope signatures of different Hg pools in these
384  samples. Our experimental data further suggest that dissolution of HgS does not result in significant
385  Hg isotope fractionation, at least during proton-promoted dissolution with HNO; or HCI. However,
386  whether this finding is applicable for other dissolution mechanisms and other Hg-bearing phases still

387 remains to be confirmed in future studies.
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Sequential extraction of sediment samples. The sequential extraction was only performed on
selected samples with high Hg contents. Three samples each from the sites Ala, Sku, and Kop (all
elemental Hg sites) were investigated in parallel to the NIST-2711 (Montana) reference material.
The results revealed that about 80% (Ala) to 90% (Sku, K6p) of the total Hg in the sediment samples
could be extracted with the 6 M HNOj; procedure targeting non-sulfidic Hg (Figure 3a). Only about
10 to 20% of the total Hg was remaining after the extraction, presumably corresponding to residual
HgS phases in the sediments. In contrast, only less than 20% of total Hg was extracted from NIST-
2711 in the 6 M HNOs step, consistent with previous extraction studies of this material reporting
only a minor influence of organically-bound Hg and a dominance of more stable Hg phases.*® The
Hg isotope analysis of the extraction solutions (Figure 3b) revealed that the small sulfide-bound Hg
pool was in some sample up to about 1%o heavier in 8°"*Hg (Kop 3) compared with the dominant
organically-bound Hg pool extracted with 6 M HNOs. The Kop samples exhibited the largest
isotopic difference between the two Hg pools with values between 0.5 to 1.0%o, whereas the Sku
samples showed difference of about 0.4%o and the Ala sampled had no significant isotopic difference
between the two Hg pools. In contrast to the trend of the sediment samples, the large residual Hg
pool in NIST-2711 (Montana soil) remaining after the 6 M HNOj; extraction was isotopically lighter
by about 0.4%o in 8°**Hg compared with the extracted Hg pool enriched in heavy Hg isotopes. It is
difficult to interpret the isotopic difference between the two NIST-2711 solutions because the
performed simplified two-step sequential extraction procedure did not allow probing of the dominant
Hg pools from this contaminated soil sample (Montana soil) exhibiting a minor influence of
organically-bound Hg. However, the different qualitative isotopic trend of the two extracts between
the contaminated sediment samples and the reference material suggests that the observed offset has
not been caused by some systematic method artifact, such as preferential extraction of light Hg
isotopes during the extraction step. Instead, we suggest that the isotopically heavy signature of the
sulfide-bound Hg pool in selected samples has been caused by fractionation in the environment,
probably during the formation of organically-bound and/or sulfide-bound Hg phases in the
contaminated sediments.
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415 There are different potential explanations for the observed isotopic offset involving both
416  kinetic and equilibrium fractionation mechanisms. A kinetic effect during the fast binding of Hg(II)
417  to organic ligands might potentially leave behind an isotopically heavy residue from which sulfide
418  phases were formed. Equilibrium fractionation factors are only available for certain species'®*’, but
419  all Hg(Il) forms are predicted to be isotopically heavy relative to elemental Hg. Elemental Hg was
420  presumably still present after the deposition of the Kop sediments (based on unpublished
421  thermodesorption data, Ulf Skyllberg) in which the largest isotopic offset between the two
422  extractions was observed. Thus, equilibrium isotope fractionation during redox processes or between
423  different Hg(Il) species could have contributed as well. In contrast, sorption to mineral phases as
424  well as precipitation of sulfide phases are less likely to be responsible for the observed effect
425  because both have been shown to cause an enrichment of light Hg isotopes in the solid phase.*'*’
426  Although we are not able to provide a definite mechanistic explanation, our extraction data clearly
427  document that different Hg pools in sediments can exhibit different Hg isotope signatures. Previous
428  studies have already applied sequential extraction techniques combined with Hg isotope analyses in
429  the investigation of samples from contaminated soils and mine tailings,”®* but isotopic difference
430  between different Hg pools from sediments have not been reported before. Obviously, the
431  application of sequential extraction techniques is often limited to samples with sufficiently high Hg
432  concentrations. However, it will clearly represent an important addition to total digests in future
433  studies at contaminated sites and help to elucidate fractionation processes between different Hg
434  pools in both natural and anthropogenically affected environments. The applied two-step extraction
435  procedure to separate sulfide-bound from non-sulfidic (primarily organically-bound) Hg phases
436  represents a relatively simple method to separate the two dominant forms in many contaminated
437  sediments. However, other extraction methods and the separation of additional Hg pools from

438  different sample materials may be useful as well and should be explored in future studies.

439  Environmental implications. The results of this study demonstrate that significant Hg isotope
440  variations exist between contaminated sediments collected in the vicinity of different industrial sites.
441  Sediments from three sites contaminated with phenyl-Hg still exhibited the estimated initial 8°**Hg

442  source signature of industrial Hg used in Sweden which originated from the Almaden Hg mine in

16
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Spain (about -0.5%o). In contrast, much larger variations in 8°’Hg values (-2.1 to 0.6%0) were
present in a systematic manner between the sites contaminated with elemental Hg, showing distinct
and relatively narrow ranges of isotopic variations within the different samples from a particular site,
despite exhibiting large Hg concentration gradients. This suggests that secondary fractionation
processes during biogeochemical Hg cycling in the sediments did not change the bulk sediment
signature to a significant extent (with the exception of a potential evaporation loss from the Mar
samples). In consequence, source allocation of different industrial pollution sources based on
distinct Hg isotope signatures can be possible, but the possibility of Hg isotope fractionation during
industrial processing should be considered in the assignment of source signatures. Furthermore, the
observed differences in Hg isotope signatures between organically-bound and sulfide-bound Hg
revealed that Hg isotope fractionation may occur between different Hg species within contaminated
sediments. Thus, this study represents a significant advance toward the application of Hg isotope
signatures as source and process tracer for anthropogenic Hg pollution and biogeochemical Hg

cycling in contaminated environments.
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Figure 1: Total Hg concentrations vs. mass-dependent fractionation (MDF) as 8°**Hg in sediment
samples from seven sites in Sweden contaminated with elemental Hg (angled symbols) or phenyl-Hg
(round symbols). Error bars represent 2SD uncertainty based on standard reproducibility of

individual analytical session.
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Figure 2: Two-dimensional Hg isotope plot with mass-dependent fractionation (MDF, 8°"?Hg) vs.
mass-independent fractionation (MIF, A'”’Hg) relative to NIST-3133 in sediment samples from
seven sites in Sweden contaminated with elemental Hg (angled symbols) or phenyl-Hg (round
symbols). Error bars represent 2SD uncertainty based on standard reproducibility of individual

analytical session.
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Figure 3: (a) Relative fraction of organically-bound Hg (6 M HNO; extraction) and sulfide-bound
Hg (aqua regia digestion) in selected samples from sites Ala, Sku, and Kop, as well as NIST-2711

(Montana soil) for comparison; and (b) Hg isotope ratios (MDF, 8°**Hg) in corresponding extraction
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651  Table 1: Results of dissolution and extraction tests. Natural abundance experiments were performed

652  with a single material, whereas the enriched (“spike”) experiments were conducted with a mixture of

653  both materials present.

Hg . . disso!ved 5202Hginitia| AlggHginitia| A201Hginitial
isotopes material  extraction  fraction
isotop (%] [%] [%] [%6]
B-HgS 6M HNO3 0.27 0.06 +t0.11  0.04 +0.09 0.02 +0.07
natural B-HgS 6M HCI 351  0.09:011 -0.02£0.09 0.03£0.07
abundance
Hg-NOM 6M HNO3 85.2 0.04 z0.11  0.03 £0.09 0.06 +0.07
B-"HgS BMHNO; 1.65+0.11 analyzed immediately
_ B-*""Hgs 6M HNOs; 3.10+0.75 analyzed after 48 h pre-equilibration
enriched
(“spike”) 109 . ,
g-NOM  6M HNO; 26.2 +3.5 analyzed immediately
199Hg-NOM 6M HNO; 34.1 +54 analyzed after 48 h pre-equilibration

Errors for dissolved fractions of “spike” experiments indicate 1SD of triplicate series. Hg isotope data
of natural abundance experiments are reported relative to isotopic composition of total digests of the
respective materials (Table S2) and errors indicate 2SD standard reproducibility of analytical session.
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