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Mercury (Hg) release from contaminated legacy sites is a large contributor to
riverine ecosystems and can represent a significant local and regional
environmental issue even long after the initial site contamination.
Understanding processes of in-stream species transformation is therefore
important to assess the fate and bioavailability of the released Hg. In this
study, we investigated in-stream Hg transformation processes with analyses
of Hg binding forms and Hg stable isotopes. Stream sediments were collected
downstream of a former kyanization facility (Black Forest, SW Germany), where
highly soluble Hg(ll)-chloride (HgCl,) was used as an anti-fouling agent to treat
timber. Exfiltration of partly anoxic, contaminated groundwater with Hg
concentrations of up to 700 ug L™ into the adjacent Gutach stream is the
main source of Hg to sediments. Total Hg concentrations in the stream bottom
sediments (<2 mm) ranged from background values of 6.3 ug kg™ upstream of
the contaminated site to 77mgkg™ near the location of exfiltration of
contaminated groundwater. A five-step sequential extraction procedure and
Hg pyrolytic thermal desorption (PTD) analyses indicated changes in Hg binding
forms in the sediments along the flow path towards a higher proportion of
organically bound Hg. A large shift towards negative §2°°Hg values was observed
downstream of the contaminated site (change of =2%.) along with a minor
offset in mass-independent fractionation. Binary mixing models based on Hg
isotope ratios using one industrial and different natural background
endmembers were tested to estimate their respective contribution of Hg to
the sediments but failed to produce plausible allocations. Based on the
observed changes in isotopic composition, total Hg concentrations and Hg
binding forms, we propose that the large extent of fractionation observed in
downstream sediments is the result of a combination of kinetic isotope effects
during sorption, redistribution of Hg within the sediment and the preferential
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transport of Hg associated with the sediment fine fraction. These results
highlight the importance of transformation processes when assessing the
sources and fate of Hg in environmental systems and show limitations of
using simple mixing models based on Hg stable isotopes.

KEYWORDS

mercury stable isotopes, stream sediment, source tracing, species transformation
processes, contaminated legacy sites

1 Introduction

Mercury (Hg) is a global pollutant emitted by natural
processes and human activities (Selin, 2009; Streets et al., 2019;
UN Environment, 2019). The use of Hg in industrial processes has
created local Hg contamination hotspots in different ecosystems
around the world (Eckley et al., 2020), which continue to represent
a significant source of Hg to the atmosphere and aquatic systems
(Kocman et al., 2013). This anthropogenic legacy Hg, released and
deposited previously, is recycled through re-emission and links
past human activities to current environmental Hg cycling (Cooke
et al., 2020). Once released, the main concern with respect to
human exposure is Hg transformation into methylmercury, which
bioaccumulates in aquatic organisms (Ullrich et al, 2001;
Branfireun et al, 2020; Bravo and Cosio, 2020) and presents
the main Hg uptake pathway for humans through fish
2018).
transport

consumption (Lavoie et al, Rivers represent an

important  long-range pathway,  connecting
contaminated legacy sites to estuaries and coastal zones (Horvat
etal, 1999; Araujo et al,, 2017) and are the largest source of Hg to
coastal oceans (Liu et al., 2021). Understanding Hg transport from
the release of Hg in the stream along the flow path to the river
mouth is of critical interest.

The fate of Hg in environmental compartments such as river
systems largely depends on its chemical speciation (Liu et al.,
2011a). The majority of Hg released to the environment is in the
form of inorganic Hg(0) or Hg(II) compounds (Eckley et al.,
2020). Transformation processes in aquatic systems include the
association/dissociation with numerous organic and inorganic
ligands,

sorption/desorption, precipitation/dissolution,

oxidation/reduction, methylation/demethylation and
volatilization/deposition to/from the atmosphere (Liu et al,
2011b). In addition to these biogeochemical transformations,
physical transport mechanisms are of special interest in the case
of fluvial Hg transport, which in most systems occurs
predominantly in particulate form (Amos et al, 2014),
because discharge velocity and energy control particle
entrainment, suspension and ultimately transport (Boszke
et al,, 2004; Kocman et al,, 2011; Kelly and Rudd, 2018). The
partitioning of Hg at the particle-solution interface also affects its
availability for methylating microorganisms and biological
uptake (Hsu-Kim et al., 2013; Zhang et al., 2019).

Despite all the recent advances in understanding Hg

biogeochemical cycling in the environment, many questions
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regarding Hg transformation processes and mechanisms
remain unanswered (Gustin et al, 2020). The determination
of the exact speciation of Hg in environmental samples remains
challenging, leaving the determination of operationally defined
pools as the most common method to assess the mobility,
bioavailability and changes in Hg binding forms. There are
numerous sequential extraction protocols (SEP) aiming to
separate Hg 2009;
Ferndndez-Martinez and Rucandio, 2013; Reis et al., 2016).
Other than chemical extractions, pyrolytic thermal desorption

into specified pools (Issaro et al,

(PTD) analyses use the release of different Hg compounds at
specific temperatures and are an effective method for the
identification of the presence of Hg(0) (released at low
temperatures) and Hg** sulfides and sulfates released at high
temperatures) (Biester and Scholz, 1997; Reis et al, 2015;
Rumayor et al.,, 2016).

Mercury stable isotope ratios are a potential tracer for sources
and pathways of Hg in the environment and have been applied as
a tool in an increasing number of field studies for source
attribution and transport processes in stream systems
contaminated by different sources such as former Hg mines
(e.g., Foucher et al.,, 2013; Smith et al., 2015a; Baptista-Salazar
et al, 2018; Pribil et al, 2020), gold mining or processing
activities (e.g., Donovan et al, 2016; Marshall et al., 2018;
Goix et al, 2019), chlor-alkali or other industrial activities
(e.g, Donovan et al., 2014; Washburn et al., 2017; Demers
et al., 2018; Grigg et al.,, 2018; Reinfelder and Janssen, 2019;
Crowther et al., 2021; Janssen et al., 2021). In addition to mass-
dependent fractionation (MDF), Hg isotopes also exhibit mass-
independent fractionation (MIF) related to the magnetic isotope
effect (MIE) and the nuclear volume effect (NVE, also known as
nuclear field shift effect) (Blum and Bergquist, 2007; Bergquist
and Blum, 2009). Fewer processes have been demonstrated to
induce MIF (e.g., photochemical redox transformations) and it is
therefore considered to be a more conservative tracer than MDF
and might be conserved during accumulation in soils or plants
(Bergquist and Blum, 2009; Sonke, 2011).

Simple binary mixing models based on §*Hg isotope
signatures and inverse total Hg concentrations (1/THg) have
been applied to estimate source contributions of two different
sources or an industrial source versus background contribution
to sediments and soils in numerous studies (Foucher et al., 2009;
Feng et al,, 2010; Feng et al., 2019; Ma et al., 2013; Gray et al.,
2015; Guédron et al., 2016; Yin et al., 2016; Washburn et al., 2017;
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Washburn et al., 2018; Woerndle et al., 2018; Zhang et al., 2018;
Zhang et al., 2020; Zhu et al., 2018; Goix et al., 2019; Reinfelder
and Janssen, 2019; Pribil et al., 2020; Tsui et al., 2020). Mixing
models were also extended to include the relationship between
MDF vs. MIF instead of MDF vs. 1/THg (Liu et al., 201 1¢; Lepak
et al,, 2015; Chen et al.,, 2016; Meng et al., 2019; Janssen et al.,
2021) and in some studies the two-endmember mixing models
were extended to include three or more endmembers (e.g., Bartov
et al,, 2013; Yin et al.,, 2018; Jung et al,, 2021; Jung et al., 2022;
Chen et al., 2022) or additional parameters such as carbon stable
isotopes (Campeau et al., 2022). Binary mixing models require
the precise definition of two distinct endmembers (e.g.,
contaminant and natural background) with a sufficiently
different isotopic composition (Foucher et al, 2009). These
mixing models are based on a linear relationship between
&”Hg and 1/THg and assume that the isotopic composition
of samples between the endmembers is the result of conservative
mixing of these two distinct endmembers.

Compared to source tracing, the application of Hg isotopes
for process tracing in rivers is more limited (Washburn et al,
2017; Demers et al., 2018; Crowther et al., 2021; McLagan et al.,
2022a). Mercury transformation processes in river systems have
also been investigated using stable Hg isotope signatures, for
example, partitioning among dissolved and particulate phases
(Washburn et al., 2017; Demers et al, 2018), methylation of
inorganic Hg (Donovan et al, 2016) or photodegradation of
methylmercury (Tsui et al., 2013).

Here we assessed Hg stable isotopes as a tool to trace Hg
sources, understand Hg transport processes and identify
changes in Hg binding forms in contaminated freshwater
environments. For this purpose, we investigated stream
sediments contaminated by continuous release of Hg from a
former industrial site where timber was treated with a 0.67%
solution of highly soluble mercuric chloride (HgCl,) for
preservation in a process called kyanization (Troschel, 1916;
Nowalk, 1952; Kallipoliti, 2010). The combination of analyses of
Hg binding forms employing a SEP and PTD with Hg stable
isotope analysis is expected to provide additional information
about the processes governing the biogeochemical changes and
the transport mechanism in the stream sediments. With our
study we address the question whether the highly mobile HgCl,
originally released at the contamination source changes its
binding forms during the transport along the stream and
will be retained in sediments. Further, we investigate if this
change in binding forms is reflected in the different isotopic
compositions of Hg in sediment samples and if differences in
Hg isotope ratios in bulk sediments compared to the fine
fraction can provide additional information about the
dominant transport mechanisms and the changes in binding
forms. The objective is to assess in-stream processes that can
explain the observed shifts in Hg binding forms and isotopic
composition. This contamination case further provides an
excellent  opportunity to the

investigate potential
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fractionation of Hg isotopes in a stream system and an
assessment of the suitability of Hg isotopes and endmember

mixing models as a source tracing tool.

2 Materials and methods
2.1 Site description

All stream sediment and stream water samples were
collected in the vicinity of a former wood impregnation
facility located in the Black Forest (South-West Germany,
830 m a.s.l; site A in McLagan et al., 2022b, site C in Richard
etal., 2016b). From the late 19th century until the early 1960s,
HgCl, was used in the kyanization process as a wood
preservation agent at this site. Extensive contamination of
soil and groundwater resulted from spillages and drying of
treated wood on unsealed ground (Heckmann, 2002; Eisele,
2004). The facility is divided into northern and southern parts
by the Gutach stream (Figure 1), which was dammed by a
small barrage in 1968/69, creating a small artificial pond
(Okalsee) at the western end of the site (Eisele, 2004)
(photos provided in Supplementary Section S1). This did
not only affect the sediment transport from the upstream
part of Gutach stream, which features a natural brownwater
lake “Titisee” a few km upstream, but also the location of the
streambed was slightly altered at that time. The northern part
of the former industrial area has been developed into a
commercial shopping area with stores and parking lots in
2002/03 (Eisele, 2004). The southern part is today occupied by
several smaller company buildings, but also exhibits larger
open areas with unsealed land surfaces. There are two
vertically arranged aquifers with mostly south-eastern flow
direction. The upper groundwater body is in exchange with
the stream via exfiltration of Hg contaminated groundwater
(Heckmann, 2002; Schuler, 2012).

The (hydro)geology of the area is dominated by Quaternary
fluvial sediments overlaying Paleozoic granite basement (LGRB,
2021). Between lake Titisee and the former kyanization site, there
is only a small altitude gradient and Gutach stream is flowing at a
slow velocity. Shortly after the confluence with the Josbach
stream (see Figure 1) the terrain gets steeper and the flow
velocities increase resulting in a streambed consisting of
coarser gravel and stones with only little fine-grained particles
settling (Gonser and Schwoerbel, 1985; Schuler, 2012). After the
confluence with the Haslach stream the name changes to
Wutach. The river Wutach is a tributary of the river Rhine,
which ultimately drains to the North Sea. The mean discharge of
the Wutach is 6 m® s7%, but due to the close relation to rainfall and
snowmelt events, it can increase to >100 m®s™ during high
discharge events (see precipitation and discharge data in
Supplementary Section S2), where large amounts of sediments
can be mobilized (Ortlepp, 1997).
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Location of the sampling sites. Samples from tributary creeks are denoted with an asterisk.

2.2 Sampling and sample preparation

Sediment samples from Gutach stream were collected at and
downstream of the former industrial site (n = 17, see Figure 1) in
2018 and 2019. Two additional samples were collected upstream
of the contaminated site (S00 and S01) to assess background Hg
concentration and isotope signatures in the Gutach sediment.
Additionally, sediment samples from the two main tributary
streams Josbach (S08%) and Haslach (S18# and S19%) were
collected to assess their potential influence. The location of all
sampling points is displayed in Figure 1. Sampling campaigns
were carried out in months with comparably low precipitation
and discharge (Supplementary Figures S2.1, 52.2). All sampling
equipment was washed thoroughly and rinsed with stream water
at the respective sampling location. Sediment samples were taken
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from the uppermost <5 cm with a hand shovel. Multiple grabs
randomly distributed across the streambed were combined at
each location to optimize representative sampling of the
heterogeneous streambed and until a sufficient amount of
sediment was collected (100-200g, <2 mm). Samples were
homogenized using a stainless-steel spatula and directly sieved
to <2 mm in the field and filled into 180 ml polypropylene (PP)
containers for transport to the laboratory. Stream water samples
were filtered through 0.45 pm cellulose acetate (CA) filters into
50 ml PP vials and stabilized with 1% (v/v) BrCl (0.2 M BrCl in
concentrated HCI, prepared according to Bloom et al. (2003).
Electrical conductivity, pH and temperature of the stream water
in the field with
(Supplementary Table S6). Sediment samples were dried at
60°C for 48 h. Samples used for PTD were not dried to avoid

were measured respective electrodes
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loss of Hg(0). An aliquot of the dried samples was dry-sieved
to <125 um to compare Hg concentrations and isotope ratios of
the fine fraction with bulk sediments and assess its role for
transport and transformation processes. Relative mass
proportions were calculated using the mass of the <125 um
fraction in relation to the total mass of sieved aliquots. An
aliquot of the <2 mm fraction was milled with a vibrating ball

mill for 30 s at 30 vibrations per second (Retsch MM 400).

2.3 Analyses

Total carbon (C), hydrogen (H), nitrogen (N) and sulfur (S)
concentrations were determined using an elemental analyzer
(Elementar, VarioMacro). Organic and inorganic carbon contents
of the sediment samples were determined using a multiphase carbon
analyzer (LECO RC612, Leco Corporation). For this analysis, an
aliquot of the milled <2 mm fraction was heated from 105°C to
1,000°C at a rate of 5°C min™". A peak separator was set at 550°C to
distinguish between organic and inorganic carbon. Because the Leco
analyzer contains parts made of gold, which could be damaged by
the introduction of samples with elevated Hg contents, the total C of
samples with Hg concentrations >1 mgkg™' were analyzed by
combustion and infra-red detection using a DIMA 1000NT
(Dimatec). The organic carbon content of these samples was
determined after removing the inorganic carbon fraction with
concentrated HCI by the “carbonate-bomb” method (Miiller and
Gastner, 1971). Characterization of organic carbon was performed
by Fourier-transform infrared spectroscopy (FTIR; Cary 630 FTIR
Spectrometer, Agilent Technologies) on selected samples (details see
Supplementary Section S8). Major elements were analyzed by ICP-
OES (ICP-OES 5110, Agilent Technologies) on aqua regia digests
(HNO5:HCI (1:3)). Samples were digested on a hotplate at 85°C for
2h after the addition of 12 ml aqua regia to 0.5 g of sediment in
loosely capped 50 ml PP vials. Aqua regia was refilled to 12 ml and
digested for another hour, then filled to 50 ml with ultrapure water
and filtered through 0.45um CA filters. Elemental analysis was
further conducted on selected samples by energy dispersive X-ray
fluorescence (XRF) of the
milled <2 mm fraction. The mineralogical composition of the

spectrometry on wax pellets

milled bulk stream sediments was examined using X-ray
diffraction and the COD database (XRD, Rigaku MiniFlex 600).

For THg analysis aqua regia extracts with BrCl (8 ml of
conc. HCI, 3 ml of conc. HNO; and 1 ml of conc. BrCl) of
both <2 mm and <125 pm sediment fractions were analyzed
for total Hg and, if concentrations allowed, also for Hg stable
isotopes. Extractions were carried out in 50 ml PP centrifuge
vials covered with perforated parafilm. Digests were run
overnight (20-24 h) on a lateral shaker at 170 rpm. Samples
were then diluted with 36 ml of ultrapure water (18.2 MQ cm),
resuspended and centrifuged at 3,000 rcf for 20 min (Herolab
HiCen 21°C). After centrifugation, the supernatants were
passed through 0.45 pum CA filters.
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A five-step sequential extraction protocol (SEP) was carried out
on selected sediment samples (<2 mm, not milled) based on the
(2003) (for details see
Supplementary Section S3). This method separates Hg into

method described in Bloom et al

operationally defined fractions using the following extraction
agents: deionized water (F1), 0.01 M HCl/0.1 M CH;COOH (F2),
1 M KOH (F3), 12 M HNO; (F4), aqua regia (F5). Major elements in
extracts were analyzed by ICP-OES (Supplementary Figure S3.1).
The pH of sediment samples was measured for selected samples in
the F1 extract (Supplementary Table S7). Pyrolytic thermal
desorption (PTD) analysis was applied to characterize Hg binding
forms similar to the procedure described in Biester and Scholz (1997).
Aliquots of the untreated sediment samples were continuously heated
to 650°C at a rate of 1°C per second in an N, gas flow and the Hg
release was measured as a function of temperature using atomic
absorption spectrometry. The obtained release curves were compared
to the characteristic release curves of Hg reference compounds (for
details see Supplementary Section S4). Although both methods
provide valuable and often complementary information about the
nature of the dominant Hg compounds and their binding to different
matrix components in the investigated sediments, it is important to
realize that no individual chemical Hg species can be separated and
identified in most cases.

Total Hg concentrations were determined on a direct mercury
analyzer (DMA-80, Milestone Inc.) using thermal decomposition,
amalgamation and subsequent atomic absorption spectrometry on
the milled sample aliquots following EPA method 7473 (EPA, 2000).
High Hg concentration samples from the hotspot area (S05-S07)
were not included in this analysis because impractically low sample
masses would have been required to remain within the calibration
range of the instrument. Mercury concentrations of aqua regia and
SEP extracts were analyzed using cold vapor atomic absorption/
fluorescence spectrometry (CV-AAS/AFS, DMA-80L, Milestone
Inc.) after pre-reduction of the samples with hydroxylamine-
hydrochloride solution (NH,OH-HCI) and online reduction of
Hg™" to Hg(0) by SnCl, following EPA method 1631 (EPA,
2002). Certified reference material (ERM CC-018) was extracted
in parallel with samples as quality control and yielded recoveries of
93.3% + 8.6% (SD, n = 4) for aqua regia digests and 87.4% + 8.4%
(SD, n = 4) for the sum of the five extracts in the sequential
extraction protocol. All reagent blanks were below the limit of
quantification. Stream water samples were analyzed using cold
vapor atomic fluorescence spectrometry (CV-AFS, Mercur
Analytic Jena) except for additional samples collected at later
sampling events which were analyzed using the DMA-80L.
Water samples are labeled in the same order as sediments (W00-
W21) and were collected at the same location.

For isotope analysis, sediment samples with low Hg
concentrations were pre-concentrated using combustion and
trap with the DMA-80 direct mercury analyzer previously
tested and successfully applied in our laboratory (McLagan
et al, 2022b; McLagan et al, 2022a). Samples were weighed
into sample boats (0.2-17 g, max. 1 g per boat), combusted and
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the released Hg purged into an oxidizing trap consisting of 5 ml
40% (v/v) inverse aqua regia (HNO;:BrCl (3:1)) as described in
Janssen et al. (2019). The efficacy of the method was tested by
preparing different reference materials and calculating recoveries
with 1SD variation (BCR-482: 103% + 12%, n = 13; CC-141:
95% * 4%, n = 16; NIST-3133: 102% + 4%, n = 12). Mercury
isotope ratios of aqua regia digests and selected sequential
extracts were determined with a Nu Plasma II multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS,
Nu Instruments) connected to an HGX-200 cold vapor system
(Teledyne Cetac) for Hg introduction and an Aridus II
desolvating nebulizer (Teledyne Cetac) for Tl introduction.
Mass bias and instrument drift were corrected using NIST-
3133 standard-sample bracketing and element doping with
NIST-997 TI standard. Measurement sessions were conducted
at concentrations of either 2.5 pg L™, 5pg L™ or 10 pgL™' Hg
with concentration-matched bracketing standards. Standards
and samples were diluted in a 1% (v/v) BrCl matrix to an
acid strength of <10% (v/v). Isotope data are reported as §-
values in permille relative to NIST-3133 calculated according to
Eq. 1:

g

198

5™ Hg (%) = <meg

Ty NIST-3133

sample

- 1)*1000 (1)

Mass-independent fractionation (MIF) is reported as
deviation from the theoretically predicted mass-dependent
fractionation (MDF) using the following Eq. 2:

Axxng — 6xxng _ (6202ng-ﬂxxx) (2)

The p** values of '*’Hg, **’Hg, **'Hg and ***Hg isotopes are
0.2520, 0.5024, 0.7520, and 1.4930, respectively (Blum and
Bergquist, 2007). Assessment of accuracy and precision of the
isotope analysis was done by regular measurements of the
secondary standard “ETH Fluka”. Results were consistent with
previous analyses of different laboratories (Smith et al., 2015a;
Jiskra et al., 2017; Obrist et al., 2017; Grigg et al., 2018; Brocza
et al,, 2019; Goix et al., 2019; McLagan et al., 2022b). The overall
reproducibility (2SD, n = 69) was +0.15%0 for &*Hg
and +0.06%0 for A'Hg and A*'Hg, but the standard
deviations (2SD) reported for individual sample measurements
correspond to the respective session reproducibility of “ETH
Fluka” (overview in Supplementary Table S5.1).

3 Results

3.1 Stream water and sediment
characterization

Background Hg concentrations, measured in Gutach stream
before the contaminated area and the tributary streams, were below

Frontiers in Environmental Chemistry

10.3389/fenvc.2022.1058890

the detection limit except for W19* (0.6 ngL™") consistent with
previously reported low background Hg concentrations between
1.1 and 41ngL™" (Bischoff et al, 2015). Close to the former
kyanization facility, between the artificial pond and the confluence
with the Josbach stream (hereafter called “hotspot samples,” see
Figure 1 inset), the water samples show elevated Hg concentrations
reaching up to 8354ngL™" at W05 (Supplementary Table S6),
indicating exflltration of contaminated groundwater (for details
see Supplementary Section S6). This is supported by elevated THg
concentrations in groundwater samples from a well close to the
location where groundwater was exfiltrating ranging from 78 to
555 pg L™ in five measurement campaigns (McLagan et al., 2022b; cf.
sample WA10). “Hotspot” water samples were also characterized by
elevated electrical conductivity (EC) and higher dissolved Fe and Mn
concentrations than both upstream and downstream samples. After
the confluence with Josbach stream (hereafter called “downstream
samples”) the dissolved Hg concentrations remain elevated
(14.8-50.8 ng L™!, Supplementary Table S6) up to and including
the most distant sample (W21) approximately 16.5 km along the
Gutach-Wutach channel. Stream water field parameters are
summarized in Supplementary Table S6.

The pH of sediment samples ranged from 6.0 to 7.0
(Supplementary Table S7). The fine fraction (<125 um) made
up only a small mass proportion of 0.3% (S20) to 7.5% (S05)
of the bulk sample mass (Supplementary Table S7). The peak
identification of XRD patterns showed that the mineralogy is
dominated by quartz and plagioclase feldspars such as albite
and anorthite. There is some variation in the intensity of the
major peaks and the occurrence of minor peaks between the
sediment samples indicating a different relative composition
and abundance of these minerals, but no clear distinction
between the Gutach stream sediments and sediments from
tributaries could be made based on mineralogical composition
(XRD patterns are provided in Supplementary Section S9).
Elemental composition results from ICP-OES and XRF
measurements show that some of the samples from near the
former industrial facility exhibit increased concentrations of
contaminants related to former usage and release from the site
(Pb, Cr, Zn) and higher concentrations of Fe, Mn and Ca
(Supplementary Tables S10.1, S10.2). The XRF data also shows
higher concentrations of Cl, S and P concentrations for the most
contaminated samples. For Fe and Mn this is likely caused by the
exfiltration of anoxic groundwater and subsequent oxidation and
precipitation and settling of Fe and Mn. However, XRD patterns
do not allow the identification of Fe or Mn minerals as a
component of the sediment samples, either because of their
poorly-crystalline structure or their low relative abundance. The
FTIR spectra showed subtle differences in absorbance among the
selected samples indicating a slightly higher proportion of organic
matter in sediments S05 and S08* (Supplementary Figures S8.1,
$8.2). The total carbon (TC) content of the bulk sediments in
Gutach stream and the tributaries ranged from 0.16% to 1.02%
(details see Supplementary Table S7 and Supplementary Figure
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FIGURE 2

Total mercury (THg) concentrations in bulk (<2 mm) and fine (<125 pm) fractions of the sediment samples. Samples are displayed in the flow
direction from SO0 to S21. Tributary creeks are marked with an asterisk. Sample S19* was collected only about 10 m upstream of the confluence with
the Gutach creek and might be affected by the Gutach during high discharge events. Error bars are smaller than data symbols. Accuracy and precision
of THg measurements was assessed by replicate analysis of reference materials: NIST-3133 (recovery: 103% + 3%, 1SD, n = 108) for DMA-80L;

ERM CC-141 (recovery: 96% + 6%, 1SD, n = 20) and NIST-2711 (recovery: 105% + 7%, 1SD, n = 8) for DMA-80.

S7). Most of the carbon was present as organic carbon (86% + 8%)
(Supplementary Table 7). Overall, the differences in the elemental
and mineralogical composition were not very pronounced and did
not allow an estimate of the sediment contribution from each
tributary stream. An overview of the sediment characterization is
presented in Supplementary Section S7.

3.2 Hg concentrations and binding forms

Total mercury (THg) concentrations in bulk sediment and fine
fraction (<125 um) samples varied strongly along the investigated
section of Gutach stream. Bulk sediments from upstream of the
former wood treatment facility (SO0 and S01), which can be
considered as natural background, had low THg concentrations
in the bulk (6.32 ug kg™ and 19.3 pgkg ™, respectively) and fine
(115 pg kg ' and 74.9 pg kg ™', respectively) fractions (Figure 2). The
hotspot samples (S02-507) are impacted by the contamination case
and showed highly elevated THg concentrations ranging from
437mgkg’ to 770 mgkg™" in bulk sediments (S02-S07). For
these samples, the fine fraction also had much higher THg
concentrations of up to 340 mgkg™ (S05). The downstream
samples showed a higher Hg concentration (range from 267 to
726 pgkg™) than the background values of the Gutach or the
tributaries indicating an influence of the Hg contamination case
as far as 16.5 km downstream of the source. Both the Josbach and
Haslach streams had similarly low Hg concentrations as the
uncontaminated upstream Gutach stream in both fractions. One
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of the samples from the Haslach stream however had elevated THg
concentrations [S19%: 296 ugkg™ (<2mm) and 1.19 mgkg™
(<125 um)]. Sample S19* was collected near the confluence with
the Gutach stream and considering the differences in Hg
concentrations between S18* and S19* an influence or mixture of
contaminated sediments cannot be excluded, especially during high
discharge events. The fine fraction had systematically higher Hg
concentrations in all investigated samples by a factor of 4.4-21.7 in
comparison to the respective coarse fraction (=125 pm-<2 mm).
Most of the total Hg was nonetheless associated with the coarse
fraction (61%-97%) because the fine fraction made up only a small
mass proportion of the bulk sample.

Both SEP and PTD of bulk sediments showed a distinct shift
of the Hg binding form of hotspot sediments directly affected by
exfiltrating groundwater compared to sediments from the
tributaries and the downstream sediments. The PTD release
curve of hotspot samples started at 180°C with a peak
maximum of around 250°C while the release curve for
downstream sediments shifted to higher temperatures with a
start at 250°C and a peak maximum at 300°C (Figure 3B). None of
the samples showed any Hg(0) as would be indicated by a low
release temperature of around 100°C or lower. Although there are
a large number of potential Hg*" species with maximum release
peaks between 200 and 300°C, including HgCl,, metacinnabar (B-
HgS), Hg adsorbed to Fe(OH); as well as Hg bound to organic
matter and humic acids (Biester and Scholz, 1997; Rumayor et al.,
2016; McLagan et al., 2022b), the consistent shift in peak maxima
gives further weight to the interpretation of a shift in binding
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0.05%; F2:0.02% + 0.01%; F3: 3.9% + 1.1%; F4: 77.9% + 4.7%, F5: 3.6% + 3.6%, Sum of extracts: 87.8% + 8.4%.n = 5). (B) Moving average of PTD release
peaks of sediments from "hotspot” section (S02-S07, peak centers ranging from 232 to 257°C) and downstream plus tributary creek sediments
(peak centers ranging from 292 to 304°C). Signals were normalized to the maximum extinction of individual samples. See Supplementary Table S4 for

peaks of individual samples.

forms in downstream sediments (Supplementary Figures
§4.1-54.3). The presence of metacinnabar should be indicated
by a second peak shoulder or a peak at higher temperatures,
which was not observed in the samples. There was a slight tailing
in the release curve of S02 which could be attributed to sulfidic
Hg, but slight differences in release curves can also be caused by
differences in the sample matrix (e.g., grain size) and Hg
concentrations (Biester and Scholz, 1997; Baptista-Salazar
et al., 2017; Petranich et al, 2022). Generally, Hg associated
with organic matter (humic acid in case of the standard) has a
release temperature that is slightly higher than Hg associated
with Fe or other “matrix-bound” Hg forms (around 300°C, see
Supplementary Figure S4.3) and the observed shift can be
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interpreted as a change in Hg binding form towards a higher
proportion of organic matter bound Hg in downstream
sediments (Biester et al., 2000; Baptista-Salazar et al., 2018).
For hotspot samples (S02-S07), most of the Hg was extracted
in the F4 step (60%-80%) targeting strongly complexed Hg
(Figure 3A) The relative proportion of the F5 pool (residual
Hg, HgS) decreased from 10%-22% in hotspot samples to <5%
after the confluence with Josbach stream, suggesting a minor role
of sulfide-bound Hg in these sediments. For the hotspot samples,
approximately 10% of Hg was extracted in the F3 fraction, which
is associated with Hg bound to organic matter. This pool had a
much higher relative abundance in the samples after the
confluence with Josbach stream (66%-80%) and to a slightly
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the IsoplotR package in R (Vermeesch, 2018). The grey crosses indicate the average 2SD for the respective parameter.

lower degree in the uncontaminated Gutach. In absolute terms,
the pool of Hg in the F3 pool was larger in the hotspot samples
compared to the downstream samples, despite the lower relative
abundance. Especially with samples that are not pure compounds
but more complex mixtures, several issues can influence the
results of SEP (Kim et al., 2003; Hall et al., 2005; Hall and Pelchat,
2005) and resorption of Hg can cause the release of more labile
Hg in later extraction steps. In the case of the hotspot samples,
the concentrations are high and incomplete removal of
organically bound Hg or resorption of Hg during the F3 step
causing a later extraction in step F4 cannot be completely ruled
out. Even though the sediment composition has a large effect on
Hg adsorption (Pelcovd et al, 2010), the general sediment
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characterization (elemental and mineralogical composition)
did not indicate clear shifts in the sediment composition
between the sampling locations. Differences in organic matter
content can also not explain the shift towards a higher proportion
of organically bound Hg. There is only a weak relationship
between TOC content and absolute Hg extracted in F3 (p =
0.06, R? = 0.235) and no relationship between TOC content and
the relative Hg fraction extracted in F3 (p = 0.42, R* = 0.047)
$3.3).  With general
characterization and TOC having no apparent relationship to

(Supplementary  Figure sediment

Hg binding forms, we measured Hg isotope ratios to further

investigate the reasons for the observed changes in Hg binding
forms.
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3.3 Hg isotope composition of bulk and
fine sediment fractions

Along the investigated section of Gutach stream, large
variations in the isotopic composition of Hg in sediments were
observed in both bulk and fine fraction samples, with a notable
shift of 8°?Hg values towards more negative values in
downstream sediments (Figure 4A). Gutach stream samples
from upstream with very low Hg concentrations can be used to
approximate the background Hg isotope signature of
uncontaminated Gutach stream sediment. Both samples
from upstream of the site had highly negative §*°’Hg values
of —2.27%o + 0.11%o (S00) and —1.84%o + 0.11%o (SO1). The
background sample from Josbach stream had a lighter isotopic
composition (S08%; —2.91%o + 0.11%o) than Gutach upstream
samples while Haslach stream had an isotopic composition
that is distinct from the Gutach and Josbach streams. Like
THg, the two samples of the Haslach stream were also
isotopically different. The sample from further up the gorge
(S18*) had a less negative §°°’Hg value (=1.27%o * 0.11%o)
compared to the sample close to the confluence (S19%;
-3.12%0 £ 0.11%o). As mentioned earlier, S19* was likely
influenced by contaminated Gutach sediments and water
and the background of Haslach stream is better represented
by S18%. The bulk isotope signature of the sediment samples
from the hotspot section (S02-S07) had a &*°*Hg value
of —=0.31%o0 + 0.37%o (1SD, n = 6), which is close to values
in the groundwater (McLagan et al., 2022b). Exfiltration of
contaminated groundwater is expected to be the major source
of Hg in Gutach stream and the analysis of groundwater from
the most contaminated wells at the former kyanization site
showed mean §**’Hg values of —0.20%o + 0.07%o and A'*"Hg
values of —0.07%o0 * 0.03%o indicated little to no mass-
independent fractionation in the aquifer [1SD, wells
WA7 and WA10a in McLagan et al. (2022b)]. The isotopic
compositions of contaminated groundwater and hotspot
that
exfiltration is likely the dominant source of Hg in these

sediments were remarkably similar, indicating
samples and an influence of contaminated surface runoff
and erosion of contaminated soil from the site is of minor
importance and likely restricted to heavy rainfall events. For
the downstream sediments a shift towards remarkably light
8°?Hg values of —2.35%o + 0.37%o (1SD, n = 12) was observed.
The isotopic composition of the fine fraction showed an offset
with more positive 8°°’Hg values compared to the bulk
fraction (in 13 out of 16 samples; Figure 4A). The offset
was most pronounced in the hotspot and the tributary
samples, whereas the downstream samples exhibited no
clear §**Hg difference between the size fractions. Apart
from this offset, the isotopic composition of the fine
fraction followed the same general trends and changes
The extent of MIF

observed in the sediment samples was very low. No even-

observed for the bulk sediments.
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mass MIF beyond the analytical uncertainty was observed
$5.2)
contribution of Hg to the sediments from atmospheric

(Supplementary Table suggesting no significant
precipitation or dry deposition (Gratz et al., 2010; Chen
et al.,, 2012). However, there was a minor shift in odd-mass
MIF (A"’Hg and A*'Hg, see Figures 4B, C) towards higher
values (~0.1%o) in downstream samples compared to hotspot

or tributary sediments.

4 Discussion

4.1 Mixing model based on MDF and Hg
concentrations

To test the hypothesis of conservative mixing of natural Hg
and industry-derived mercury, a binary mixing model was
applied according to eqs 3, 4:

find* 6202Hgind + fnat* 6202Hgnut = 6202Hg5ediment
f ind f nat = 1

In the model f,, and f,,q represent the fractions of Hg

3)
4)

originating from natural background and industrial

contamination, respectively. The isotopic signature of the
the defined as &*Hgnq
representing the industrial contamination source (exfiltrating

endmembers in model are
groundwater) and §*Hg,, of different natural background
samples (Figure 5A). The exact isotopic signature of the
industrial endmember is difficult to determine since there is
no record of HgCl, solutions that were used at the site and Hg
exfiltrating from the groundwater has potentially already
undergone transformation processes as it interacts with the
aquifer material (McLagan et al., 2022b). Nonetheless, we
consider §°’Hg values of highly contaminated groundwater
wells to be the closest estimate of the industrial Hg isotope
source signature for this study. The second endmember, the
natural background signature is equally difficult to define. Five
approaches were tested with different assumptions made about
the regional background signature (details see Supplementary
Section S11).

The bulk isotope signatures of the sediment samples from
the hotspot section had a §**’Hg value of —0.31%o + 0.37%o
which is close to that of the groundwater (—0.20%o £ 0.07%o).
For the allocation of Hg in the hotspot samples, the mixing
models predicted that most of the Hg (63%-100%) is derived
from exfiltrating groundwater. The model using Haslach
stream as natural endmember predicted a lower
contribution (only 27% for S02) in the hotspot samples,
which is very unlikely based on the remarkably high Hg
concentrations in these samples and the low background
concentration. For most of the downstream samples, only a
small amount of Hg was allocated to the industrial source. The

industrial contribution ranged between 0% and 3% (Gutach
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FIGURE 5
(A) Results of two endmember mixing models, each one using a different natural background endmember from left to right: Gutach upstream
sample SO0 (§°°?Hg = —2.27%.), Josbach S08* (§2°°Hg = —2.91%.), Haslach S18* (§°°°Hg = —1.27%.), S19* (§°°°Hg = —3.12%.) and an approach using
average §2°2Hg values of tributaries after each confluence (see Supplementary Section S11). (B) Plot of §2°?Hg values of creek sediments versus 1/THg
(mg kg™ basis). Excluding the tributary and upstream sediments (Gutach SO0, Josbach S08* and Haslach S18*) used as endmembers in the
mixing models results in a good fit for the linear regression (mixing line) with a hypothetical endmember with a very low §2°?Hg value and sufficiently
high Hg concentrations (e.g. §2°?Hg =~ —3.0%. and 0.25 mg kg™ Hg). (C) This panel shows that §*°*Hg values of creek sediments do not lie between the
industrial endmember (§°°?Hg = —0.22%.) and the §°°?Hg values of sediments of the tributary creeks and the Gutach upstream sample.

endmember), 0%-26% (Josbach endmember), 0%-31% (S19*
endmember) and 0%-16% (mixed endmember). Only for the
§19* endmember the downstream sediments plot along the
mixing line (Figure 5B). However, for S19* an influence of
contaminated Gutach sediment or stream water is likely and it
is questionable if S19%* can be regarded as “natural
The had Hg
concentrations between 268 and 727 pg kg™!, which is more
than 15-fold higher than the background
(6.3-17.8 pgkg™' Hg). There is no known other major Hg

background.” downstream  sediments

samples
source in the area and based on this difference in Hg

concentrations the contribution of industrial Hg is expected
to be >90%. Irrespective of the chosen natural background
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endmember the contribution of industrial Hg is therefore
largely underestimated in the mixing models. Due to the
low background Hg concentrations, a significant
contribution of Hg from other sources within the tributary
catchment area (industrial or natural/geogenic) to the total Hg
budget in Gutach stream sediments through conservative
mixing seems unlikely, even for endmembers with a light
isotope signature such as Josbach stream (Figure 5C).
Extending the mixing model with MIF values (A"’Hg)
would be one option to add a more conservative dimension
to the system. The extent of odd-mass MIF in our samples was
however small. Plotting MDF and MIF values against each

other reveals that the downstream sediments do not lie
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between the hotspot samples, with a similar isotopic
composition as the industrial endmember, and the tributary
sediments which can be regarded as natural background
endmember (Figure 4B).

Both MDF and MIF suggest that the downstream samples are
at least partially affected by processes causing isotope fractionation
and not conservative transport and mixing of the industrial source
(exfiltrating contaminated groundwater) with Hg in sediments
derived from natural sources. The change in the binding form, as
indicated by SEP and PTD, further implies transformation
processes within the sediment or between the sediment and the
liquid phase which in turn could lead to isotope fractionation.

4.2 Isotope fractionation mechanisms

The shift towards higher release temperatures in PTD and the
higher proportion of Hg extractable in F3 in the downstream
samples compared to hotspot samples both indicated a higher
proportion of organically bound Hg. This observed shift can be the
result of in-stream transformation (e.g., from F4 extractable Hg to
an F3 extractable form) as well as preferential transport of different
Hg pools. Many biotic and abiotic Hg species transformation
processes can cause fractionation of Hg isotopes and the
identification of the exact processes involved in the isotopic
the
fractionation effects of different processes with the Hg isotope

fractionation is challenging. ~Comparing expected
ratios in the stream sediments, provides the means to narrow down
the drivers of the observed isotopic offset between hotspot and
downstream samples. In the following section the potential
influence of different processes on the Hg isotopic composition
in Gutach stream after the exfiltration of contaminated
groundwater are discussed. This allows to exclude certain
processes and identify more probable mechanisms that explain
the observed variability in isotope ratios.

Mercury is microbially methylated under anoxic conditions
in aquatic environments (Hsu-Kim et al., 2013; Tang et al., 2020).
However, the conditions in Gutach stream are predominantly
oxic and potential methylation is presumably restricted to
localized areas (e.g., still water areas with low flow velocities
and floodplains). Methylmercury (MeHg) would be extracted in
the F3 step of SEP (Bloom et al., 2003) which is found in a higher
proportion in downstream sediments. Methylation was also
found to cause mass-dependent isotope fractionation leading
to an enrichment of light isotopes in the produced
methylmercury (Janssen et al., 2016; Zhang et al., 2022) and is
further isotopically fractionated throughout environmental
reactions in the water column and internal cycling within
biological tissue (Rosera et al., 2022). If methylation takes
place in Gutach sediments, this could only change the isotopic
composition of the bulk sediment to the observed negative §***Hg
values if MeHg is accumulating and the remaining Hg(II) is

preferentially removed. Additionally, MeHg usually contributes
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only a minor part of total Hg in river sediments (Skyllberg, 2012)
and Hg methylation is therefore not expected to result in a
measurable shift of the overall isotopic signature of the
sediments.

The minor offset in MIF observed in downstream sediments
compared to hotspot sediments suggests an influence of in-
stream fractionation affecting both the MDF and MIF signals
of sediment samples, such as, for example, redox processes. Based
on experimental studies the ratio of A'’Hg and A**'Hg has been
proposed to be indicative of specific fractionation processes.
These experiments include photoreduction of Hg(II) (slope =
1.00 = 0.02) (Bergquist and Blum, 2007), photoreduction of
Hg(II) at different Hg/DOC ratios (slopes ranging from
1.19 + 0.02 to 1.31 + 0.14) (Zheng and Hintelmann, 2009)
and photoreduction of MeHg (slope = 1.36 + 0.02) (Bergquist
and Blum, 2007). Experiments investigating reactions influenced
by the nuclear volume effect (NVE) showed different
characteristic slopes of 1.61 + 0.06 for abiotic reduction of
Hg(IT) by DOM (Zheng and Hintelmann, 2010b) and 1.54 +
0.22 for equilibrium fractionation between dissolved Hg(II)
species and thiol-bound Hg (Wiederhold et al., 2010) which is
close to the theoretically predicted value of 1.65 for NVE
(Wiederhold et al., 2010). Applying this slope as diagnostic
tool in stream sediments, Washburn et al. (2019) suggested
that Hg in the investigated rivers was influenced by Hg
photoreduction (observed A'Hg/A**'Hg slopes of 1.57 +
049 and 140 % 0.27). In our study the slope of the
orthogonal regression (York et al, 2004) of the relationship
between A'Hg and A**'Hg of all sediment samples (fine and
bulk) is 1.58 + 0.23 (Figure 4C). The slope of separate regressions
for the bulk sediments only (1.57 + 0.31) and the fine fraction
only (1.62 + 0.34) showed similar trends. For hotspot and
downstream samples this slope indicates an influence of
processes involving isotope fractionation influenced by NVE
rather than photoreduction. The slope of the regression for
the tributary samples only however is 0.95 + 0.70, closer to
values reported for Hg affected by photochemical reduction
(Bergquist and Blum, 2007; Zheng and Hintelmann, 2009).
Microbial reduction of Hg(II) to Hg(0) (Kritee et al., 2008,
2013), photochemical reduction by organic compounds
(Zheng and Hintelmann, 2010a; Motta et al., 2020) and dark
abiotic reduction (Zheng and Hintelmann, 2010b) are known to
impart MDF as well as MIF. However, the PTD results do not
indicate the presence of Hg(0) in the sediment samples. The fact
that Hg(0) is not present in the sediments does not entirely
exclude an influence of reduction processes because Hg(0) could
easily volatilize to the atmosphere. The effects of reduction
processes would nonetheless be detectable in the remaining
Hg pool in sediments by causing a shift towards heavier
§*®Hg values along the flow path as reduction of Hg(II) leads
to an enrichment of light isotopes in the produced Hg(0) fraction.
This is opposite to the observed shift towards lighter isotopic
composition in downstream samples.
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Formation of Hg(0) in the aquifer of this site has been
demonstrated (McLagan et al, 2022b) and in certain groundwater
wells at the contamination site Hg(0) has been detected (Richard
et al,, 2016b) which could potentially exfiltrate to the stream despite
the dominant species being inorganic Hg(I). Data on isotope
fractionation during Hg(0) oxidation in aqueous systems is still
limited, but dark abiotic oxidation of dissolved Hg(0) has been
shown to enrich heavier isotopes in the oxidized Hg(Il) and shift
A"Hg to more negative values (Zheng et al., 2019). Exfiltration of
Hg(0) and subsequent oxidation is therefore an unlikely cause of the
observed negative §*Hg values in downstream sediment samples
and the minor offset in A" Hg towards more positive values.

The groundwater at the investigated site showed changing
redox states, and the importance of hydrous ferric oxides for the
retention of Hg in parts of the adjacent groundwater aquifer has
been demonstrated by Richard et al. (2016a). If dissolved Fe(II)
exfiltrates with anoxic groundwater it will rapidly precipitate as
ferrihydrite and other poorly-crystalline hydrous ferric oxides
with a large reactive surface when it enters the well-mixed oxic
stream water. These Fe-phases can function as a temporary sink
for Hg through sorption and co-precipitation. Hg(II) sorption to
goethite as a model compound for Fe-oxides under equilibrium
conditions was reported to cause an overall §°*’Hg fractionation
of ~—0.4%o (Jiskra et al., 2012). In experiments, the precipitation
of metacinnabar (B-HgS) and montroydite (HgO) caused an
enrichment of light isotopes in the precipitates relative to the
dissolved fraction by a factor of up to —0.63%o (Smith et al,
2015b). Immediate precipitation of a small fraction of Hg
exfiltrating from groundwater as HgO or B-HgS could also
cause hotspot sediments to have a slightly lighter isotopic
composition than the exfiltrating groundwater, shifting the
isotope ratios in the observed direction. However, the release
curves of the PTD do not indicate the presence of HgO or B-HgS
in the sediment samples (except for S02 to a minimal extent). If
Hg precipitated, then more likely as co-precipitates with hydrous
ferric oxides. A large fraction of Hg in the hotspot sediments is
extracted in steps F4 and F5, the steps in which the majority of Fe
is extracted, and thus in which Hg associated with Fe-oxides is
expected to be released (Supplementary Figure S3.1). The
determined equilibrium fractionation factors are however not
large enough to explain the large extent of fractionation observed
in the downstream sediments solely based on equilibrium
sorption to Fe oxides or precipitation of Hg as HgO or p-
HgS. Precipitation of Hg with mineral phases and subsequent
sorption on these mineral phases is rather expected directly after
the exfiltration of contaminated groundwater in the hotspot area
immobilizing Hg in sediments in the hotspot section without
causing a large shift in isotopic composition.

Organic matter is one of the primary parameters controlling
Hg sorption and mobility in natural aquatic systems due to the
formation of extremely strong ionic bonding between Hg and
reduced sulfur (S) or thiol groups (-SH) commonly present in
aquatic organic matter (Ravichandran, 2004; Skyllberg et al,
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2006; Wang et al., 2022). Mercury exfiltrating as inorganic Hg(II)
with contaminated groundwater is expected to rapidly bind to
organic sorption sites in the bottom sediments as well as algae
and biofilms. However, it has been suggested that Hg in highly
contaminated areas is also adsorbed onto mineral fractions of
sediments because high-affinity organic matter sorption sites are
rapidly saturated by high Hg concentrations (Hissler and Probst,
2006). Similarly, high-affinity sites associated with colloidal
DOM may quickly become saturated after initial exposure and
the remaining Hg may become associated with lower affinity sites
and larger particulates (Washburn et al., 2017). The high THg
concentrations in hotspot sediments suggest rapid removal of Hg
from the water phase by sorption of Hg to the bottom sediments.
Relative proportions in SEP indicate the formation of poorly
soluble high-concentration Hg pools (released in SEP steps
F4 and F5) in that section of the stream, but the absolute pool
size of F3 is also larger in the hotspot sediments compared to
downstream sediments highlighting the importance of organic
matter in the retention of Hg in the hotspot section. Sorption of
Hg to organic matter is expected to cause isotope fractionation as
shown by equilibrium sorption experiments of dissolved Hg(II)
on thiols which is associated with an enrichment of light isotopes
(8°°Hg) in the sorbed fraction in the range of —0.53%o (for
HgCl,) and —0.62%o (for Hg(OH),) (Wiederhold et al., 2010).
Like sorption to goethite, the enrichment factors for equilibrium
sorption to functional groups (thiol, carboxyl) of organic matter
alone are not large enough to explain the negative §**Hg values
observed in downstream sediments. Exchange experiments
between dissolved Hg(II) species and solid bound Hg(II) on
carboxyl- and thiol-resins or goethite indicated that kinetic
effects
fractionation during sorption (Jiskra et al, 2014). The

may play an important role in metal isotope

timeframe to reach equilibrium in these experiments was days
to several months depending on the properties of the dissolved
ligand phase. In a dynamic, open system such as Gutach stream,
the contact time of dissolved Hg(II) and sorption sites in the
bottom sediment is likely not sufficiently long to reach complete
equilibrium conditions. Thus, an influence of initial kinetic
effects on isotope fractionation during sorption and transport
of Hg in the water phase and suspended particles needs to be
considered.

Dissolved Hg concentrations in Gutach stream remain
elevated at downstream sampling locations (14.8-50.8 ngL™";
Supplementary Table S6). There are two possible explanations
for these elevated dissolved Hg concentrations: 1.) The majority
of Hg remains in the liquid phase after the exfiltration of
contaminated groundwater in soluble forms or associated with
high affinity sorption sites of DOM and is transported in the
stream water over long distances. 2.) The contaminated bottom
sediments constantly release Hg and sustain elevated Hg
concentrations in stream water. In the first case most of the
released Hg remains in the liquid phase and only a small fraction
of Hg is sorbed to the bottom sediments. The observed shift
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towards negative 8°°’Hg values would result from preferential
sorption of light isotopes. The large extent of fractionation could
be explained by the short contact time which doesn’t allow the
establishment of equilibrium conditions (Jiskra et al., 2014). An
initial kinetic effect with minor re-equilibration can lead to a
larger extent of fractionation compared to equilibrium sorption
experiments. The removal of only a small pool of Hg enriched in
light isotopes would cause a minimal (negligible) change in the
isotope signature of the large remaining dissolved Hg pool that
cannot be analytically resolved in downstream samples.

In the second case, the Hg pool size in bottom sediments
needs to be large enough to constantly release Hg and sustain
elevated Hg concentrations in stream water. Our results showed
that the largest amount of Hg in Gutach stream sediments was
associated with the coarse fraction (61%-97%), similar to results
reported by Xu et al. (2021), Hissler and Probst (2006) and Smith
etal. (2015a). The proportion of Hg released from bulk sediments
in the water-soluble pool in downstream samples was higher
compared to hotspot samples, but still relatively small (4.3% +
1.3%). The overall pool size of this labile Hg fraction in sediments
can nonetheless be large considering the overall mass of the
sediments. Crowther et al. (2021) hypothesized that abundant Hg
in strongly-bound fractions (F4 and F5 steps in SEP) may
continuously be remobilized, contributing small amounts of
Hg to both the weakly-bound Hg pools in sediments (F1 step
in SEP) and replenishing dissolved Hg in the stream water. A
similar redistribution of Hg in Gutach stream is plausible,
however the transformations of Hg binding forms observed in
PTD and SEP suggest that Hg is re-adsorbed to organic matter
(F3 in SEP) rather than the water-soluble pool. The Hg pool
mobilized from contaminated bulk sediments is expected to be
isotopically heavier to an extent similar to that expected from
equilibrium sorption experiments (§*’Hg difference 0.3%o to
0.6%0) (Wiederhold et al., 2010; Jiskra et al., 2012). Leaching
experiments also showed that the labile Hg pools mobilized from
soils or mine waste (Stetson et al., 2009; Wiederhold et al., 2013;
Yin et al, 2013) and aquifer material from drill cores
contaminated with HgCl, (Brocza et al., 2019; McLagan et al.,
2022b) were consistently enriched in heavier isotopes compared
to bulk samples. Water extracts of contaminated sediments in
Grigg et al. (2018) and Crowther et al. (2021) however were not
significantly different from bulk sediments showing that the
extent of Hg fractionation during leaching is site-specific,
depending on Hg speciation, geochemical conditions and
spatial heterogeneity. The limited data of isotope ratios in SEP
extracts in this study showed that both the F1 and F3 extracts of
the most contaminated sediment samples (S05 and S02) had a
8°Hg value the bulk
(Supplementary Figure S3.3) suggesting that Hg mobilized

heavier compared to sample
and re-adsorbed is indeed isotopically heavier and the Hg
associated with the bulk sediments isotopically lighter.
Complementary to MDF, sorption of Hg in equilibrium

experiments was also associated with a small extent of odd-
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mass MIF related to NVE, resulting in a A"”Hg/A**'Hg slope of
1.54 (Wiederhold et al., 2010). This is consistent with the results
of sediment samples in this study. The extent of mass dependent
enrichment of heavy isotopes is however again smaller (<1%o
difference) than the differences observed in the stream sediments
and can only explain the observed variation when particle size
and transport effects are included.

The redistribution of Hg to organic matter is likely also a
redistribution to the finer sediment fractions due to the increase
in specific reactive surface area with decreasing grain size (Kelly
and Rudd, 2018; Dickson et al., 2019; Xu et al., 2021). The
sediment fine fraction has often been observed to contain
higher THg concentrations than bulk sediments (Kelly and
Rudd, 2018). Previous studies also found slight differences in
Hg isotopic composition between sediment size fractions, with
the fine fraction exhibiting less negative 6°°*Hg values than the
coarse fraction (Donovan et al., 2014; Smith et al., 2015a). This
difference was attributed to the input of Hg from isotopically
distinct sources (contaminated streambanks and soils) that
contribute to sediment size fractions to a different extent.
While this may also be the case for sediments at our study
site, including sediments from tributary streams not affected by
direct industrial contamination that also exhibit a large offset
between §°°*Hg values of the size fractions, we propose that the
in-situ redistribution of Hg from the bulk sediments to organic
matter in the fine fractions also leads to the isotopic difference
between the size fractions which was observed in some samples
(Figure 4). The differences between the size fractions are
however not as pronounced and consistent as could be
this
mobilization and removal of the fine fraction. It has been

expected from process because of preferential
demonstrated that hydrological conditions can have an effect
on Hg speciation in suspended matter of rivers (Lin et al.,, 2011;
Baptista-Salazar et al., 2017; Yu et al, 2022). Particles of
different size and composition exhibit different settling and
resuspension behaviors, with the finer particles remaining
suspended in water for much longer and being transported
further (Kelly and Rudd, 2018). This can cause a separation of
different Hg binding forms associated with these particles
(Riscassi et al., 2016; Baptista-Salazar and Biester, 2019; Nair
etal.,, 2022). Similar to the findings of Demers et al. (2018) that
the suspended sediment load is “spiraling” downstream as it is
deposited and resuspended from streambed biofilm, the
sediment fine fraction is expected to act as a transport vector
for Hg in Gutach stream. The observed difference between the
hotspot section and the downstream sediments can also be
attributed to the particle transport regime, which changes
shortly after the Gutach stream and the Josbach stream
converge. The hotspot section is relatively flat and right after
the weir of the artificial Okalsee pond which will reduce the
mobilization of coarse sediment in this section compared to the
downstream section. The coarse fraction, and with it the largest
Hg pool in Gutach stream, is expected to only be transported in
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Conceptual model of the proposed mechanisms leading to the observed light §2°?Hg values in downstream sediments after the exfiltration of

contaminated groundwater (GW) into the stream. Briefly, the processes involved include rapid sorption to the solid phase (including lower affinity
sorption sites) after exfiltration of contaminated groundwater to the stream. Mercury is then mainly transported with particulate matter during high
discharge events. Partitioning processes lead to a redistribution of Hg during the further transport, mobilizing Hg from the particulate phase and

re-adsorbing to high affinity sites such as organic matter or fine fraction. The partitioning of Hg between the solid and liquid phase leads to isotopic
fractionation and an enrichment of light isotopes in the residual phase. Hg re-adsorbed from the heavier pool is preferentially transported within the
stream, leading to a large extent of Hg isotope fractionation in the residual Hg pool. Please note that this is a simplified visualization and not all

potentially relevant components and processes are depicted.

the hotspot section during high discharge periods [~10 times
per year (Ortlepp, 1997)]. Mercury associated with finer
particles however can be more easily resuspended and
transported during the prevalent low to moderate flow
conditions. This difference in transport velocities between
the sediment size fractions leads to a separation of these
pools with an isotopic fractionation behavior that is different
from what would be expected in a closed system batch
experiment without transport. The continuous replenishment
of fine sediment and suspended particulate matter during
regular flow conditions in the downstream section and
redistribution of Hg to organic matter in this sediment
fraction removes the product of the partitioning process. In
comparison to equilibrium fractionation, the extent of
fractionation in systems with continuous removal of the
product can be much larger. For such systems with removal
of the reaction product a Rayleigh fractionation model
describes the extent of fractionation more accurately and
using the fractionation factors determined for equilibrium
sorption processes in a Rayleigh model shows that the
observed offset of about —2%o in the remaining pool is
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possible if a very large relative fraction of Hg (~95%) has
been redistributed and removed. Considering the much
lower THg concentrations in downstream samples compared
to hotspot samples, the removal of a large proportion of Hg
from the sediments by partitioning processes, redistribution
and preferential transport of remobilized Hg from sediment
components which were previously affected by isotope
fractionation between different components of the sediment
is another possible explanation for the observed changes in Hg
binding forms and isotope values (a conceptualization of this
redistribution and fractionation mechanism is presented in
Figure 6).

The observed change in Hg binding forms during the
transport of Hg in Gutach stream may have implications for
the methylation potential of Hg transported further downstream
of the former HgCl, source. Methylation rates and bioavailability
potentials are known to span over a large range depending on the
binding form of Hg in sediments and local geochemical
conditions (Jonsson et al., 2012; Zhang et al,, 2019; Xu et al,,
2021) and the amount of Hg removed in the F3 fraction has been
reported to be correlated with Hg methylation potential for
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aquatic sediments (Bloom et al., 2003; Brooks et al.,, 2017). The
redistribution of Hg to organically bound Hg in downstream
samples may therefore indicate a greater potential for Hg
methylation and subsequent accumulation in the aquatic
food web.

5 Conclusion

This study demonstrates that Hg released as highly soluble
HgCl, from a contaminated site is rapidly sorbed to stream
sediments and can be retained long-term followed by particulate
transport and redistribution within the sediment. The observed
large shift to negative §°*’Hg values in Gutach sediments
downstream of the contaminated site stream could not be
explained by conservative binary mixing models using
industrially derived Hg from the former kyanization facility
and natural background endmembers. All tested scenarios
resulted in a large underestimation of the industrial
contribution. More likely, transformation of Hg binding forms
as indicated by the analysis of Hg binding forms together with
transport processes have caused the large extent of isotopic
Based on the observed MDF and MIF
signatures, we were able to conclude that several potentially
lead

fractionation causing an enrichment of heavy isotopes in the

fractionation.

relevant in-stream processes, which would to a
sediments such as methylation, precipitation or (photo-)
reduction and evaporative losses to the atmosphere, were not
able to influence the Hg budget in the studied stream system to a
significant extent. The rapid sorption of Hg to the sediments is
expected to retain a large fraction of the released Hg in the bulk
sediments which is only transported during high discharge
events, while Hg mobilized and re-adsorbed to organic matter
in fine sediment fractions is expected to be removed also under
the This
redistribution of Hg in the sediments results in an offset of
8°%Hg between bulk and fine sediments. The large extent of

isotopic fractionation between hotspot and contaminated

prevalent low to moderate flow conditions.

downstream sediments is proposed to be a combination of
kinetic effects during the redistribution with the preferential
transport of the fine fraction and the removal of the
These
findings highlight the importance of processes governing the

redistributed fraction preventing re-equilibration.
isotopic composition of environmental samples such as stream
sediments impacted by a single point source of contamination
and the apparent limitations of the application of conservative
mixing models using Hg isotopes. Furthermore, the observed
change in Hg binding form has implications for the potential of
Hg to become available for methylation and subsequent
accumulation in the aquatic food web. The combination of
methods used in this study allowed to narrow down the
processes leading to the observed large extent of Hg isotope
fractionation. Given the complexity of the system and the
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influence of many different (biogeo)chemical and physical
processes occurring simultaneously in a natural stream
environment the exact allocation of governing processes is
challenging and the proposed mechanisms still need to be
verified and confirmed in future studies. Ideally, the sampling
and isotopic analysis should target multiple sample matrices such
as stream water, suspended particulate matter, and potentially
biota, in addition to sediments. Although stream sediments may
potentially provide an integrated record of past Hg releases from
industrial sites, the interpretation of sediment Hg isotope data is
complicated because the age (time of deposition) of a collected
sediment sample is usually unknown as well as due to the
difficulty of establishing mass balance estimates of Hg pool
sizes and fluxes in such heterogeneous natural systems where
transport is often dominated by hydrological extreme events.
Concerning the interpretation of Hg isotope data, a more
comprehensive understanding of the Hg isotope effects of
certain processes is still lacking [e.g., (de)sorption and
complexation under kinetically controlled conditions] and
experiments under environmentally relevant conditions are
needed to link field observations to laboratory studies. While
SEP and PTD provide a useful general picture of dominant Hg
binding forms, advances in spectroscopic techniques may allow
obtaining more detailed information of the Hg speciation in
environmental samples (e.g, Poulin et al, 2016; Xu et al, 2021;
Nehzati et al., 2022) which in turn could potentially provide further
insights into the mechanisms and processes involved. Moreover,
recent advancements in analytical methods and sample preparation
enable the analysis of Hg isotope ratios in many different matrices
(e.g., water, suspended particulate matter, biota), also at very low Hg
concentrations (e.g., Janssen et al., 2019; Yang et al., 2022) as well as
species specific Hg isotope analysis (e.g., Rosera et al., 2022; Bouchet
et al,, 2022). We therefore recommend that the design of future
process-oriented studies on the behavior and fate of Hg at
contaminated sites and surrounding environmental systems
should take advantage of these recent analytical advances and
include the investigation of multiple sample matrices and the
combination of different methods approaches to elucidate and
disentangle the intricate mechanisms and processes controlling
environmental Hg cycling.
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