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Abstract

The fate and the methylation of mercury (Hg) in the terrestrial environment are still poorly
understood and although the main drivers of release and methylation of mercury in soils are
known (low redox potential and microbial carbon availability) their interactions are not well
understood. This is of concern since many agriculturally used floodplains, where the recurring
flooding and agricultural practices (e.g. manure amendments) may have an impact on the fate and
the biomethylation of Hg, are at the same time Hg-contaminated. In this study, we modified and
validated existing methods to extract and analyze methylmercury (MeHg) by HPLC-ICP-MS in soils
and we assessed the Hg and MeHg concentrations in three fields situated in a Hg polluted
agricultural floodplain. Further, we incubated the top soil from the three studied fields for 11 days
under flooded conditions in presence or absence of 2 mass % of cow manure, a common
agricultural amendment in the area. Total Hg and MeHg concentrations ranged from <limit of
detection (LOD, 0.012 mg/kg) to 28.2 mg/kg and from 1.2 to 7.8 ug/kg respectively. Hg was
released to the soil solution after 12 hours with a maximum between day 2 and day 7. MeHg levels
in the soil solution were < LOD although it was found in the soil before and after the incubation.
The addition of cow manure to saturated soils led to an increase in the MeHg concentrations of the

soil solid phase by up to fivefold to a maximum of 26.4 + 1.1 pg/kg (n=3). Our study demonstrates
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that the combination of low redox potential because of flooding with common agricultural

practices such as the amendment of manures enhances the formation of toxic MeHg.

Introduction

Sources of mercury (Hg) to the environment can be both natural (e.g, volcanoes) and
anthropogenic (e.g., chemical industry, fossil fuel burning, incineration of waste or the extraction
of metallic gold from alluvial washings)?2. The most important uses of Hg in the chemical industry
are the chloralkali and acetaldehyde production, where Hg serves as an electrode and a catalyst
respectively3. Such activities can cause severe Hg pollution to the aquatic and terrestrial
ecosystems with risks of mass poisoning, the Minamata catastrophe in Japan in the 1950s being a
prime example*. There, the unintentional formation and release of monomethylmercury (MeHg),
a potent neurotoxin, in the local marine bay and MeHg biomagnification in the food web due to its
lipophilic nature®, caused the death of almost 1000 people. This was due to the high levels of MeHg
in fish and shellfish combined with a fish-rich diet of the local people*®7. Because of the
catastrophe in Minamata, research focused on Hg biomethylation, first in the aquatic environment
and later in the terrestrial environment with a focus on paddy rice and forest soils8. However the
drivers behind Hg behavior and its methylation in soils are not well understood3°-11.

In soils, Hg mobility and methylation are mainly governed by the redox potential (Eh),
dissolved/soil organic matter (DOM/SOM), sulfur (S) and selenium (Se) concentrations, pH and
both the presence of iron (Fe-) and manganese (Mn-)oxyhydroxides!2-15. MeHg is assumed to be
mainly formed by sulfate-reducing bacteria (SRB), Fe-reducing bacteria (FeRB) and methanogens
under anoxic conditions from dissolved inorganic mercury (Hg?+)%16-18, Further, it is agreed, that
Hg methylation depends on the speciation of both dissolved and solid-phase inorganic Hg?* rather
than the total Hg pool®1920, DOM plays a key role in Hg methylation and mobility, since on one hand
it serves as a carbon (C) source and an electron donor for Hg methylators and it was shown to
influence the Hg bioavailability by complexing Hg?+11.21-23, The affinity of Hg to both DOM and SOM
is well documented. In organic molecules, Hg shows the highest affinity to thiol functional groups
butalso carboxyl and amino groups are complexing Hg12132425 Recent work showed that also DOM

quality (e.g. molecular weight or chemical composition originating from different sources) plays
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an important role in Hg bioavailability and methylation26-28, Experiments of Zhao and co-workers?23
showed that the presence of DOM inhibited Hg methylation by an Fe-reducing bacterium, but
enhanced Hg methylation by a sulfate-reducing bacterium. In the latter study, it was suspected that
thiol functional groups in DOM and on the cell’s surfaces compete for Hg. Fe and Mn oxy-
hydroxides are important sorbents of Hg and organic molecules. Consequently, organo-Hg
complexes may sorb on the mineral surfaces and be subsequently released during reductive
dissolution of the oxy-hydroxides2°-31. Recent work showed that mineral bound OM-Hg and POM-
Hg can act as a direct Hg source for Hg methylators32. Se also seems to impact methylation by
limiting Hg availability due to the formation of Se-Hg complexes and mercuric selenide if selenide
is present!l. Fundamental questions about the biomethylation itself such as the mechanism of Hg
uptake by methylating microorganisms and the biochemical pathway by which MeHg is produced
still remain unanswered?33.

Recurring reducing conditions and OM supply are the main methylation promoters in soils. For
instance, ecosystem-scale studies reported higher MeHg in forest soils after flooding as a result of
the change to anoxic conditions and increased DOM supply through decomposing vegetation34-36,
Another experiment in rice paddies showed that flooding increased the Hg bioavailability and
methylation3?, while soil incubation experiments reported Hg mobilization and methylation in
flooded soils383°. The addition of organic amendments, such as rice straw, in paddy soils increased
the methylation rate of Hg, likely because it provided additional DOM as C source for the
methylating organisms*%41 The application of mineral fertilizers can also increase the methylation
rate of Hg in agricultural systems, because it enhances the microbial activity#2. In forest soils,
fertilizers seem to enhance methylation as a result of increasing pH and microbial activity*3.
There is still a lack of experimental studies that investigate the influence of flooding and common
agricultural practices, such as manure addition, on the behavior of Hg although agriculture on Hg-
contaminated floodplain soils might present substantial risks to human health. Decreasing Eh in
soils leads to Hgz* mobilization into the soil solution as a result of the reductive dissolution of Mn-
and Fe-oxyhydroxides and associated release of adsorbed or occluded Hg344-49. The few existing

studies on the topic focused on the influence of water logging in forest soils5051 and flooding and
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OM concentrations in rice paddies*0-4252-54, while studies on temperate agricultural fields have
been scarce3855, although Hg-contaminated sites can often be found in floodplainsSeé.

Here, we investigated the release and the methylation of Hg in agricultural floodplain soils
contaminated by an acetaldehyde-producing company in order to better characterize the release
and methylation of Hg and assess the potential future threat that Hg in agriculturally used Hg-
contaminated floodplain soils represents. To do so, we modified and validated a fast extraction and
analysis technique for MeHg in soils using HPLC-ICP-MS. Then, we determined the horizontal and
vertical spatial distribution of Hg and MeHg in soil. Thirdly, we conducted an incubation
experiment with soils from the same three fields to study the influence of flooding and manure

amendment on Hg release and methylation.

Methods

Reagents

During the whole study, ultrapure water from a laboratory water system (MilliQ, =18.2M(
resistivity, Merck Millipore Inc., Burlington, MA, USA) was used for extractants and standard
solutions, whereas a central system supplied deionized (DI) water for the incubation experiment
and the various washing solutions. MeHg standard solutions were prepared by dissolving
methylmercury(II)chloride (Sigma-Aldrich, Buchs, CH) in a small volume of methanol and then in
ultrapure water. Multi-element standard (ICPMS-71A4, Inorganic Ventures, Christianburg VA, US),
and Hg standard (Fluka, Buchs, CH) were used for the total element analyses. Extractions were
conducted with hydrochloric acid (HCl, 35%, Supra quality) from Roth (Karlsruhe, DE) and
Dichloromethane (DCM, pro analysi) from Fisher Scientific (Loughborough, UK). The HPLC mobile
phase (98 % of 0.1 % w/v L-cysteine + 0.1 % L-cysteine-HCI-H20 (pH = 2.3) and 2 % methanol)
was prepared with L-cysteine (Merck KGaA, Darmstadt, DE), L-cysteine-HCI-H20 (VWR Chemicals,
Leuven, BE) and HPLC grade methanol (Merck Millipore Inc., Burlington, MA, USA). Nitric acid
(HNOs3, 69 %, Supra quality) from Roth and hydrogen peroxide (H202, Suprapur quality) from Fluka

were used for total digestions.
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Study sites and soil sampling

We sampled soils (all Fluvisols57) in three fields from an agricultural floodplain contaminated with
Hg originating from an acetaldehyde-producing company. The investigated fields are situated in
Switzerland, in the Rhone Valley, between the cities of Visp and Raron. Between the 1930s and the
1970s, the company released Hg in a discharge canal linked to the Rhone river which then flows
into the Lake Geneva. This canal was periodically cleaned, and the sediments were disseminated
in the valley, including the surrounding agricultural fields>8. The three sampling sites were situated
along this canal which is called the Grossgrundkanal. They were chosen because they fulfilled the
following conditions: they were (I) situated in the floodplain of the valley, (II) agriculturally used,
and (III) contaminated with Hg (preliminary data obtained from the Agency for the Environment
of the Canton Valais) . All three soils have a silt loam texture, neutral to slightly alkaline pH, and a
low to average organic carbon concentration in the topsoil (Tab. 1). At each site, soil cores of 50
cm depth were taken with a Plirckhauer corer (diameter 2 cm). Cores were drilled in triplicate at
four distinct distances (5, 10, 20, 40 m) from the canal. For sampling, the plant cover was removed,
and the core was divided into five depth intervals: 0-10, 10-20, 20-30, 30-40 and 40-50 cm. At each
site, the three samples of the same depth and distance were pooled to result in a total of 60
composite samples. In addition to the soil cores, composite topsoil samples (0-10 cm, 1-2 kg) were
collected at a distance of 5 m from the canal at each sampling site. These topsoil samples were used
for the incubation experiment and kept fresh in a closed plastic bag (no drying) in the freezer at -
20°C prior to incubation. The soil core samples were first frozen at -20 °C just after sampling and
then freeze-dried for approximately 48h prior to extraction and analysis>®. Dry samples were

sieved to <2 mm, homogenized and ground manually with a ceramic mortar.

Soil characterization

For pH measurement, 10 g of soil was suspended in 25 mL of 0.01 M CaClz. Measurements were
conducted 2 hours after equilibration. Soil moisture content was determined by weighing the soil
before and after oven-drying and bulk density by collecting soil samples in the field in 100-cm3
stainless steel rings. The loss on ignition (LOI) technique (550 °C for two hours muffle furnace)
was used to determine the organic matter concentration. The C and N concentrations were

measured before and after the measurement of LOI to determine total and inorganic C (and organic
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C as the difference between total and inorganic C) using an elemental analyzer (vario El cube,
Elementar Analysensysteme, Langenselbold, Germany). DOC in soil solution was measured with a
vario TOC cube (Elementar Analysensysteme, Langenselbold, Germany). Eh and pH were
measured with an Eh electrode (SenTix ORP, WTW, Dinslaken, Germany) and a pH electrode
(SenTix 21, WTW, Dinslaken, Germany) connected to a pH meter (pH 330i, WTW). For grain size
analyses soil samples were first treated with H202 in order to remove organic matter and then
dispersed in a solution of 22 mM sodium carbonate and 18 mM sodium hexametaphosphate.
before the particle-size composition was measured on a MasterSizer 2000 (Malvern Panalytical
Ltd., Malvern, UK). The concentration of sulfate (SO427) in soil solution was measured using ion

chromatography (ICS-900, Dionex, Sunnyvale CA, USA).

Microwave-Assisted Digestion for Total Concentrations

Each sample from the soil cores as well as a representative aliquot of the topsoil used for
incubation were digested using a microwave-assisted technique (Ethos contFlow 1600, milestone,
Shelton CT, US) with 8 mL of 69 % HNO3 and 2 mL 30 % H202 for 0.1 g of soil. For each of the three
sites, two samples were digested in triplicates. For quality control, a Certified Reference Material
(CRM, NIST San Joaquin Soil 2709a) and a blank sample were included in each microwave run.

After digestion, each sample was brought to 20 mL with ultrapure water.

Soil extractions for MeHg

Typically, MeHg extraction and analysis was conducted on the soils before and after incubation
and on a subset of samples from the cores (5 and 10 m distance to canal, 0-10, 10-20, 20-30 cm
depth). Commonly, MeHg in soils and sediments only accounts for a small fraction of the total Hg
concentration (<1%)°. Hence, there was a need for a selective extraction for MeHg. Therefore, we
adapted the method developed by Brombach and coworkers in order to make it compatible with
HPLC-ICP-MS measurement®0. Briefly, 50 mg of sample was suspended in 5 mL of 35 % HCI and
5 mL ultrapure water in a 20 mL borosilicate glass vial (Wheaton, Milleville, N], UK). After 30 min
of ultra-sonication, the vial was centrifuged for 3 min at 680g (3500 rpm) and the supernatant
transferred into a 50-mL separating funnel. Then, the lipophilic organic Hg was extracted two

times by shaking with DCM in a separating funnel (2 x 4 mL). The two DCM solution thus obtained
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were combined in a new 20 mL borosilicate glass vial. To prevent contamination, the separating
funnels were washed by shaking first with a 10% HNO3 solution, and then a 10% HCI solution, and
DI water after each acid wash. The main modification we made to the Brombach et al.?9 method is
that we used the HPLC mobile phase (L-cystein solution) for the back extraction in order to make
it compatible with a HPLC-ICP-MS measurement. In detail, 2 mL of the HPLC mobile phase were
added to the DCM extract and the DCM was evaporated with a constant flow of N2 by using a
FlexiVap™ at 50°C (GlasCol®, Terre Haute, IN, USA). The remaining L-cysteine solution was then
weighed to determine its exact volume. The extracts were stored at 4°C and analyzed within 48
hours. The method was tested using a CRM (ERM-CC580, estuarine sediment) and blank

extractions with only the reagents and no soil sample.

Incubation Experiment

Two days before the start of the experiment, the soil samples were thawed in a fridge at 4°C and
moist sieved < 2 mm. The three prepared soils were then incubated in triplicate (80 g each) in 9
Erlenmeyer flasks (250 mL). Another 9 identical samples were incubated with 2 mass% additional
OM (78.4 g soil and 1.6 g OM). The added OM was commercially available cow dung manure, which
was dry and finely chopped (Hauert HBG Diinger AG, Grossaffoltern, Switzerland CH). The
manure’s Hg content was analyzed prior to the experiment (18.4 + 6.9 ug/kg). All 18 Erlenmeyer
flasks were then flooded with 120 mL of DI water. Each Erlenmeyer was equipped with a rhizon
sampler connected to a syringe needle (Rhizon flex 5 cm, 0.15 pm pore size, Rhizosphere Research
Products, Wageningen, NL) in order to sample soil solution and was then covered with parafilm.
These microcosms were placed in a growth chamber (Binder, Tuttlingen, DE) at a constant
temperature of 18°C (mean summer temperature of the study site) and a relative air humidity of

60 %. The incubation experiment lasted for 11 days.

The soil solutions were sampled after 6 h, 12 h, 1, 2, 3,5, 7,9 and 11 days. Samples were retrieved
by applying a vacuum on the syringe needle in the form of a 5 mL vacutainer (Plastipak, Becton
Dickinson, Franklin Lakes, NJ, USA). Since the soil solution passed through the rhizon sampler
(pore size = 0.15 um), no further filtering was necessary. At each sampling point, four different

subsamples were taken (1: for total Hg and multi-element measurement, diluted in 1 % HNOs and

Page 7 of 29



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

0.5 % HCI; 2: for Hg speciation diluted in the HPLC mobile phase; 3: for dissolved organic carbon
(DOC) and dissolved organic nitrogen (DON) measurements diluted in ultrapure water, 4: for ion
chromatography IC). Eh and pH values were measured immediately by using a 5t aliquot of the

soil solution. All samples were stored in a fridge at 4 °C prior to analyses.

Measurement of metal and MeHg concentrations

Total metal concentrations (Hg, Fe, Mn) in soil digests and soil solutions were determined using
Inductively-Coupled Plasma Mass Spectrometry (ICP-MS 7700x ICP-MS, Agilent Technologies,
Waldbronn, Germany). The instrument’s settings are shown in Tab. S1. Indium served as an
internal standard (m/z 115) and was continuously mixed with the sample through a T-piece. Hg
was measured at m/z 201. Details about the special washout for Hg to avoid a memory effect can
be found in Tab. S2. Hg standards and samples were diluted with a mixture of 1% HNO3 and 0.5%
HCI. Standards and samples for all other elements were diluted in 1% HNOs.

MeHg concentrations in soil extracts and soil solutions were determined by connecting a High-
Pressure Liquid Chromatograph (HPLC 1200 Series, Agilent Technologies, Santa Clara, CA, USA) to
the ICP-MS. The details of the method, initially suggested by Hight & Cheng®! and optimized by
Sannac & Chen®?, are presented in Tab. S1. Briefly, the mobile phase (98 % of 0.1 % w/v L-cysteine
+ 0.1 % L-cysteine-HCI-H20 (pH = 2.3) and 2 % methanol) was set to a flow rate of 1 mL/min. The
calibration standards for MeHg measurements were prepared daily by diluting the MeHg stock

solution with the HPLC mobile phase.

Results and Discussion

MeHg extraction and analysis method

Combining the modified MeHg extraction method of Brombach et al.?® with the HPLC method based
on Hight & Cheng®! led to satisfying results. The recovery for MeHg in the CRM (ERM-CC580: 75 *
4 ng/kg MeHg) was 102 £ 5 % (n=11). The LOD for MeHg was 1 pg/kg for soil or sediment samples
and 10 ng/L for water samples (no extraction step). This LOD is slightly lower than the ones of
other comparable methods listed in the review by Jagtap & Maher®3. To further validate the

method, a batch of homogeneous soil samples from our study area was split in two identical sets.
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One set was extracted in our laboratory and the other was sent to a commercial laboratory (Brooks
Applied Labs, Bothell, WA, USA) which used the US EPA 1630 method with Ethylation, Purge &
Trap, GC-Pyrolysis-CVAFS>5. Fig. 1 illustrates a generally good match of the two methods. However,
a paired t-test (p < 0.001) confirmed slightly higher concentrations with the method used in our
laboratory. This can be explained by the fact that our recovery was consistently in the upper range
compared to the recovery obtained by spiking soils using the US EPA 1630 method (102 + 5% for
CRM using our method vs. 77-106% for spiked samples using US EPA 1630). However, the
Intraclass Correlation Coefficient (ICC): 0.9562, showed that the method we used is in good
agreement with the conventional method for samples in this concentration range. The modified
method represents an alternative for laboratories that are not equipped with specific analyzers
since it uses HPLC-ICP-MS (ICP-MS can even be replaced by the cheaper AFS). Finally, although the
LOD is higher for this method, 16 samples a day can be extracted and the run time for each sample
is 4 min.This makes it interesting for risk assessment of large areas where many samples should

be processed and thus opens the way to high throughput analysis of MeHg in soils.

Hpg and MeHg concentrations in soil

Hg concentrations (total Hg if not mentioned otherwise) in the 60 soil samples showed values from
below the LOD (0.012 mg/kg) up to 28.2 mg/kg. All three sites showed the highest Hg
concentrations in the top 30 cm and closest to the canal. Two gradients of decreasing Hg
concentration were prominent: with increasing i) distance from the canal and ii) soil depth (Fig.
2). These two gradients confirmed the reported past activities, when dredged sediments from the
canal were deposited at its shore on the fields before further distribution for soil improvement or
leveling soils in the surroundingsS8. Agricultural activities such as ploughing might have carried
highly contaminated material from the shore further away from the canal and deeper into the
soilss8. The concentrations were all above the Swiss Remediation Threshold value of 2 mg/kg
between 0 and 40 cm up to 10 m from the canal. For Site B at 20 m distance from the canal, the
concentrations exceeded this value also down to 40 cm while at Site A only down to 20 cm. No
samples exceeded this value at 40 m from the canal. Only few samples had Hg concentrations below

the Swiss Investigation Threshold value of 0.5 mg/kg and these samples originated from below 40

Page 9 of 29



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

cm and at least 10 m away from the canal, except for Site C which exhibited lower concentrations
than the other two sites..

Correlation analyses per site, distance, and depth between Hg concentrations and the percentage
of the clay fraction showed positive relationships (Tab. 2, Fig. S1). The clay fraction became less
important for the Hg concentrations in soil with distance and depth. Furthermore, a one-way
ANOVA showed that Site C had a significantly lower clay (p < 0.001) and a significantly lower Hg
concentration (p < 0.05) than sites A and B. In soils, Hg concentration and the clay grain size
fraction are usually linked in soils depleted in organic matter, since Hg adsorption increases with
smaller particle size (clay mineral content) and increasing specific surface area%t. The weaker
relationship between clay and Hg concentrations in the less Hg-contaminated samples can be
explained by the mixing of strongly and little Hg-loaded clay originating from the dredged
sediments and the background soil, respectively. We suggest two possible explanations for the
lower Hg concentrations at Site C. (i) It is known that the canal sediments have a silty clay texture
while natural soils in the study area consist rather of silty sand®® indicating that probably less
sediment from the canal was amended to Site C. (ii) The soil at Site C contained less clay and thus
fewer sorption sites for Hg and therefore some of the initial Hg input was leached or volatilized.
We measured MeHg concentrations in the soil samples with the highest Hg concentrations at each
site, i.e. next to the canal (5 m) and in the plough horizon (0-30 cm). The 18 selected samples
showed MeHg concentrations from 1.2 to 7.8 ug/kg (Fig. 3). It is interesting to note that Site C had
lower Hg but not lower MeHg concentrations than Sites A and B. Consequently, Site C showed the
highest MeHg contribution to total Hg with a percentage of up to 0.084% (Tab. 3). Our results
demonstrate that the MeHg concentration does not depend on total Hg concentrations in soils. We
speculate instead that the MeHg/Hg concentration ratios might be related with bioavailable Hg
concentrations and the composition and activity of the microbial community. The MeHg
concentrations as well as the MeHg/Hg ratios in our study soils were in the same range as reported
by Gilli et al.5> in the same region, at a chlor-alkali industrial site in Italy by Cattani et al.5, or in the
floodplain of a former Hg mining area in China by Wang et al.3”. However, Skyllberg et al.6” reported

a MeHg contribution to the total Hg concentrations of 17% in unpolluted boreal peat soil. High
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MeHg/Hg ratios might only be possible if total Hg in the soil is at a natural low level and soil

conditions favor methylation.

Incubation: Hg release into soil solution

The soils used for the incubation experiment had initial Hg concentrations at Sites A, B and C of
28.0 £1.0,26.7 £ 0.4 and 5.2 + 0.1 mg/kg, respectively. The Hg release into the soil solution of the
microcosms differed slightly between Site A and the Sites B and C showing a similar Hg release.
Overall, there was an initial increase in dissolved Hg up to 30 to 40 pg/L within 2-5 days for
microcosms of sites B and C and within 7 days for microcosm of Site A with OM. In all microcosms,
the Hg release to the soil solution took place earlier and was more pronounced when OM was
added (Fig. 4 a,b). However, soils of Site A released only Hg if treated with OM. Also, Eh of Site A
remained higher in the second half of the incubation (Fig. S2 c,d), which was also accompanied by
a smaller release of Fe and Mn into the soil solution (Fig. 4 d,e). Apart from the incubation of Site
A without OM, the Hg concentrations in the soil solution increased until around day 3 in every
microcosm. After that, the Hg concentration decreased to background values (after 6h). This
pattern, as well as the amount of released Hg from soil to soil solution (< 1 %) are consistent with
other microcosm studies3?49556869  Of interest is the similar maximum amount of Hg being
released to the soil solution in all OM-containing microcosms (Site A: 38.9 pg/L, Site B: 33.8 pug/L
and Site C: 23.1 pg/L, Fig. 4) although the soil from Site C contained five times less Hg than the
other two sites. The initial increase of dissolved Hg in the soil solution may be attributed to the
dissolution of weakly bound Hg that is mobilized through mechanisms such as desorption from
phyllosilicate and Fe and Mn (oxyhydr)oxide surfaces, dispersion of colloids < 0.15 pm, cation
exchange or mobilization as organo-Hg complexes by dissolved organic matterl3242568,
Furthermore, it can be the result of the reductive dissolution of Mn- and Fe-(oxyhydr)oxides-
bound Hg#’. Indeed, our data shows that in every microcosm Mn- and Fe-(oxyhydr)oxides
reduction occurred, as reflected by the increase in total dissolved Fe and Mn concentrations (Fig.
4c, d, e, f). These two redox-sensitive metals are theoretically reduced at potentials of 450 mV for
Mn and at 150 mV for Fe, which we did not measure for the bulk material, because the used Pt
electrode detects an average Eh value of a larger soil volume, but which are likely reached at some

microsites. Interestingly, the courses of Mn concentrations, but not Fe, in the soil solution of
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microcosms from sites B and C (with and without OM addition) correlated well with the increase
of Hg concentrations in soil solution (Fig. 4 a,b,c,d and Fig. S3). Grigg et al.7 observed a correlation
between Mn and Hg concentrations during sequential extraction of contaminated soils in the
region suggesting that a fraction of soil Hg was associated with Mn (oxyhdr)oxides. It is therefore
likely that in this soil, Mn-(oxyhydr)oxide dissolution governed the Hg release, thus making Mn-
(oxyhydr)oxide the primary binding site for Hg and a Hg sink under oxic conditions. This is further
confirmed by the microcosms from Site A without OM addition, which have no notable Hg release
and constantly lower Mn concentrations than the soil solutions from sites B and C. Fe release
consistently took place after the Hg concentrations started to diminish (Fig. 4 e, f). It is therefore
unlikely that Fe-(oxyhydr)oxide dissolution plays an essential role for the Hg release in the studied
floodplain soil. Although the reductive dissolution of Mn-(oxyhydr)oxides seemed to play an
important role for the Hg release into soil solution, it is not possible to completely exclude a role
of organo-complexation of Hg by dissolved organic matter, since we observed a strong release of
DOC into soil solution in the first days of the incubation (Fig. 4 g, h).

Other studies also observed a decrease of Hg concentrations in the soil solution after reaching a
maximum*95568, However, the exact mechanisms which took place in our experiment are difficult
to elucidate. Possible explanations are 1.) re-adsorption of Hg to clay minerals after the latter had
lost some of their DOC cover, 2.) Hg co-precipitation with sulfide nanoparticle aggregates**which
may not have passed our rhizon sampler (pore size of 0.15 um) or 3.) the adsorption of Hg?* onto
the SOM functional groups (thiol, carboxyl and amino groups) which are well known to sorb Hg?*
12,13,24,25_

Dissolved Hg in the soil solution is potentially available for microbes which can methylate Hg to
MeHg or reduce Hg?* to Hgl. The latter mechanism is a common detoxification mechanism of
bacteria in such environments’%72, Since Hg is volatile, it may have exited the microcosm. Frossard
et al.”3 showed the presence of the bacterial detoxification genes (merA gene) in soils situated ata
distance of about 150 meters from our study sites However, it is unlikely that sufficient Hgz* was

reduced to Hg? to solely explain the decrease in dissolved Hg in our microcosms.
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Incubation: MeHg formation in the soil

MeHg was not detectable in the soil solution throughout the incubation period of 11 days during
which the soil was kept flooded (LOD: 10 ng/L). This is to be expected since the calculated
concentrations for MeHg in soil solution are mainly below LOD when using common soil-water
partitioning coefficients (log(Kdwmeng) = [1.3, 3.8])74 MeHg was, however, measured in the soil
before and after the incubation (Fig. 5). Before incubation, the microcosms of Site A, B and C had
MeHg concentrations of 3.5 + 0.3, 6.1 + 0.5 and 4.3 + 0.4 ug/kg respectively. After the experiment,
concentrations increased up to 26.4 + 1.1 pg/kg at Site B and 21.6 + 2.2 pg/ kg at Site C which
corresponded to a fivefold increase. While there were only minor changes in microcosms without
OM treatment, the increase in the MeHg concentrations in microcosms with 2 % OM was significant
(Z-test: p < 0.001). In the microcosms with 2% OM, the MeHg contribution to total Hg
concentrations increased during the experiment from 0.04% to 0.2%. The maximum increase of
this percentage from 0.08% to 0.49% occurred in one microcosm from Site C. In sediments, the
threshold of 1% is rarely exceeded due to the cyclical nature of the methylation process
(methylation and demethylation) and the often-observed inverse relationship of MeHg production
with Hg concentrations®. However, there are some reported exceptions for unpolluted soils.
Indeed, Skyllberg et al.6” found MeHg contribution to the total Hg concentrations of between 1.2%
and 17.2% in peaty stream bank soils of a pristine boreal forest.

It is likely that the significant increase of MeHg concentrations in the solid soil of the microcosms
with 2% OM is related to their higher bioavailable OM concentration (measured as DOC
concentration) and their lower Eh (Fig. 4 and Fig. S2). DOC serves as a C and energy source for
microbes and influences the microbial activity?!. Higher microbial activity lowers the redox
potential because 03 is consumed?’5. As a consequence, the higher DOC concentrations might have
caused greater Hg desorption which in turn increased the availability of Hg for methylation.
However, Hg in the soil solution is not necessarily available for methylating bacteria because
organo-Hg complexes might be too big for bacterial uptake?®76. It is accepted that anoxic conditions
tend to favor Hg methylation, whereas oxic conditions seem to promote demethylation®. The
different physico-chemical conditions together with possible differences in the composition of the

microbial community at Site A seem to have inhibited methylation or promoted demethylation
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compared to Sites B and C, although the release of Hg in soil solution was the highest at Site A (Fig.
4). The fact that MeHg concentrations in microcosms of Sites B and C were similar (Site B: 26.4
1.1 pg/kg and Site C: 21.6 + 2.2 ng/kg Fig. 5), despite having very different soil Hg concentrations,
is interesting. We suggest that Hg methylation is more related to the Hg concentration in the soil
solution than in the solid soil (Fig. 4).

Different studies have reported an enhanced Hg methylation due to flooding in terrestrial
ecosystems. For example, Wang et al.37 found significantly lower methylation rates and a lower
number of sulfur-reducing bacteria if a Hg-polluted paddy soil was kept aerobic instead of flooded
in incubation experiments. This highlights that the redox milieu is a key factor controlling Hg
methylation. Furthermore, the decomposing vegetation also plays a role under flooded
conditions34-36, Commonly, ecosystem-scale studies also show higher MeHg concentrations in soils
and peat after flooding. Rolfhus et al.3¢ found a 52-fold increase of MeHg concentrations due to
flooding. Further, 86 % of the produced MeHg remained after 9 years of non-flooded conditions.
This indicates that MeHg can be more persistent than previously thought and could explain the
levels of MeHg found in the oxic soils of the three investigated fields (Fig. 3, Tab. 3).

Studies that investigate the effect of agricultural manure amendment (or OM addition in general)
on the Hg methylation are rare. However, the similarity of our results to the study by Liu et al.40
are interesting. The latter authors found in an incubation experiment a two times higher MeHg
concentration if Hg-contaminated paddy soil samples were treated with rice straw. However, our
MeHg concentrations were up to ten times higher and the effect within the treatments was more
pronounced, possibly because animal manure introduces more readily available C and more

nutrients than rice straw.

Conclusion

A selective extraction method is crucial in order to measure MeHg in soil samples in an effective
way using HPLC. The modified extraction method for lipophilic organic mercury with subsequent
analysis using HPLC coupled to ICP-MS presented here showed an excellent recovery of MeHg from

standard reference materials at a high precision. Furthermore, the comparison with a conventional
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method showed a good fit of results for our samples. This method shows great potential and should
be further improved to lower the LOD and increase sample throughput.

In the soils of the three studied fields situated in a polluted agricultural floodplain, the two
observed gradients in Hg concentrations (with increasing soil depth and distance from the canal,
from which the Hg pollution originated) confirmed the historical canal maintenance practices
which resulted in the redistribution of dredged sediments to the soils next to the canal. In higher
polluted soil samples (close to the canal and 0-30 cm depth) we measured MeHg concentrations
between 1.2 to 7.8 pg/kg. However, in contrast to total Hg, no spatial MeHg gradient was found.
The MeHg/Hg concentration ratio was always below 0.1%, which agrees with other studies of Hg
polluted soils37:55.66,

We observed a strong Hg release into the soil solution within a few days during an incubation
experiment with the flooded Hg-polluted soils, even in less contaminated soils such as Site C. In
OM (cow dung) treated microcosms, a part of the bioavailable Hg?* in the soil solution was
methylated during the experiment. By the end of the experiment, OM-treated soils showed a 2 to
5 times higher MeHg concentration than before the experiment. This demonstrates that upon
flooding, Hg can be remobilized as well as methylated and therefore can become available to plants
and soil-dwelling organisms. Further, these results show that the potential release of Hg and its
subsequent methylation does not depend on the total Hg concentration in soil and that even less
contaminated sites could pose a similar environmental risk as the more polluted ones. It is
important to realize that common agricultural practices such as manure amendment, can provoke
increased methylation rates if the soil is at least episodically saturated. More experimental studies
are needed to assess the risks associated with different agricultural practices such as manure,
slurry and sewage sludge amendments as well as straw return on fields, especially in Hg-polluted

floodplain soils.

Acknowledgements

The authors would like to acknowledge the help of Dr. Daniela Fischer and Michael Wendler in
analyzing the samples. Furthermore, the Burgergemeinde of Raron and the Agency for the

Environment of the Canton Valais are thanked for their help in organizing the sampling campaign

Page 15 of 29



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

4472

443

and for useful discussions. This work was funded by the Federal Office for Environment of
Switzerland, the Intra-European Fellowship from the People Program (Marie Curie Actions) of the
European Union’s Seventh Framework Program FP7/2007-2013/under REA grant agreement No.
326736 and the Swiss National Science Foundation (SNSF, nr. PPO0P2_163661). We are grateful
to Dr Robin Sue Gilli and Prof. Dr. Ruben Kretzschmar for providing the MeHg data and samples

used for comparing our method with the established commercial method.

Electronic supplementary information (ESI)

ESI is available is the form of a .doc file

Page 16 of 29



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

References

10

11

12

C. D. Holmes, D. J. Jacob, E. S. Corbitt, ]. Mao, X. Yang, R. Talbot and F. Slemr, Global
atmospheric model for mercury including oxidation by bromine atoms, Atmos. Chem. Phys.,
2010,10,12037-12057.

A. L. Choi, W. F. Fitzgerald, C. R. Hammerschmidt, C. H. Lamborg and A. L. Soerensen,
Mercury biogeochemical cycling in the ocean and policy implications, Environ. Res., 2012,
119,101-117.

F.Beckers and J. Rinklebe, Cycling of mercury in the environment: Sources, fate, and human
health implications: A review, Crit. Rev. Environ. Sci. Technol., 2017, 47, 693-794.

S. L. Zuber and M. C. Newman, Mercury pollution : a transdisciplinary treatment, CRC Press,
2012.

D. C. Adriano, in Trace Elements in Terrestrial Environments, Springer New York, New York,
NY, 2001, pp. 411-458.

A. Kudo, Y. Fujikawa, S. Miyahara, J. Zheng, H. Takigami, M. Sugahara and T. Muramatsu,
Lessons from Minamata mercury pollution, Japan — After a continuous 22 years of
observation, Water Sci. Technol., 1998, 38, 187-193.

M. Harada, 2005, pp. 299-335.

H. Hsu-Kim, C. S. Eckley, D. Ach3, X. Feng, C. C. Gilmour, S. Jonsson and C. P. ]J. Mitchell,
Challenges and opportunities for managing aquatic mercury pollution in altered
landscapes, Ambio, 2018, 47, 141-169.

S. M. Ullrich, T. W. Tanton and S. A. Abdrashitova, Mercury in the Aquatic Environment: A
Review of Factors Affecting Methylation, Crit. Rev. Environ. Sci. Technol., 2001, 31, 241-293.
A. Gnamus, A. R. Byrne and M. Horvat, Mercury in the soil-plant-deer-predator food chain
of a temperate forest in Slovenia, Environ. Sci. Technol., 2000, 34, 3337-3345.

G. N. Bigham, K. J. Murray, Y. Masue-Slowey and E. A. Henry, Biogeochemical controls on
methylmercury in soils and sediments: Implications for site management, Integr. Environ.
Assess. Manag., 2017, 13, 249-263.

U. Skyllberg, P. R. Bloom, ]. Qian, C. M. Lin and W. F. Bleam, Complexation of mercury(Il) in

soil organic matter: EXAFS evidence for linear two-coordination with reduced sulfur

Page 17 of 29



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

13

14

15

16

17

18

19

20

21

22

groups, Environ. Sci. Technol., 2006, 40, 4174-4180.

U. Skyllberg and A. Drott, Competition between Disordered Iron Sulfide and Natural
Organic Matter Associated Thiols for Mercury(11)—An EXAFS Study, Environ. Sci. Technol.,
2010, 44, 1254-1259.

A.T.Reis, C. B. Lopes, C. M. Davidson, A. C. Duarte and E. Pereira, Extraction of available and
labile fractions of mercury from contaminated soils: The role of operational parameters,
Geoderma, 2015, 259-260, 213-223.

C. S. Kim, J. J. Rytuba and G. E. Brown, EXAFS study of mercury(II) sorption to Fe- and Al-
(hydr)oxides: I. Effects of pH, J. Colloid Interface Sci., 2004, 271, 1-15.

A. Drott, L. Lambertsson, E. Bjorn and U. Skyllberg, Importance of Dissolved Neutral
Mercury Sulfides for Methyl Mercury Production in Contaminated Sediments, ,
DOI:10.1021/ES0617247.

]J. M. Holloway, M. B. Goldhaber, K. M. Scow and R. E. Drenovsky, Spatial and seasonal
variations in mercury methylation and microbial community structure in a historic
mercury mining area, Yolo County, California, Chem. Geol., 2009, 267, 85-95.

C. C. Gilmour, M. Podar, A. L. Bullock, A. M. Graham, S. D. Brown, A. C. Somenahally, A. Johs,
R. A. Hurt, K. L. Bailey and D. A. Elias, Mercury methylation by novel microorganisms from
new environments, Environ. Sci. Technol., 2013,47,11810-11820.

S. Jonsson, U. Skyllberg, M. B. Nilsson, P.-O. Westlund, A. Shchukarev, E. Lundberg and E.
Bjorn, Mercury Methylation Rates for Geochemically Relevant Hg II Species in Sediments,
Environ. Sci. Technol., 2012, 46,11653-11659.

T. Zhang, K. H. Kucharzyk, B. Kim, M. A. Deshusses and H. Hsu-Kim, Net methylation of
mercury in estuarine sediment microcosms amended with dissolved, nanoparticulate, and
microparticulate mercuric sulfides, Environ. Sci. Technol,, 2014, 48, 9133-9141.

C. A. Caldwell, C. M. Canavan and N. S. Bloom, Potential effects of forest fire and storm flow
on total mercury and methylmercury in sediments of an arid-lands reservoir, Sci. Total
Environ., 2000, 260, 125-133.

S. A. Chiasson-Gould, J. M. Blais and A. ]. Poulain, Dissolved Organic Matter Kinetically

Controls Mercury Bioavailability to Bacteria, Environ. Sci. Technol,, 2014, 48, 3153-3161.

Page 18 of 29



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

23

24

25

26

27

28

29

30

31

32

33

34

L. Zhao, H. Chen, X. Lu, H. Lin, G. A. Christensen, E. M. Pierce and B. Gu, Contrasting Effects
of Dissolved Organic Matter on Mercury Methylation by Geobacter sulfurreducens PCA and
Desulfovibrio desulfuricans ND132, Environ. Sci. Technol., 2017, 51, 10468-10475.

P. Cardiano, G. Falcone, C. Foti and S. Sammartano, Sequestration of Hg 2+ by some
biologically important thiols, J. Chem. Eng. Data, 2011, 56, 4741-4750.

T. Karlsson and U. Skyllberg, Bonding of ppb Levels of Methyl Mercury to Reduced Sulfur
Groups in Soil Organic Matter, Environ. Sci. Technol., 2003, 37, 4912-4918.

H. Lin, X. Lu, L. Liang and B. Gu, Cysteine Inhibits Mercury Methylation by Geobacter
sulfurreducens PCA Mutant A omcBESTZ, Environ. Sci. Technol. Lett., 2015, 2, 144-148.

M. Leclerc, D. Planas and M. Amyot, Relationship between Extracellular Low-Molecular-
Weight Thiols and Mercury Species in Natural Lake Periphytic Biofilms, Environ. Sci.
Technol.,, 2015, 49, 7709-7716.

A. Sipkova, . Szakova, A. Hané and P. Tlustos, Mobility of mercury in soil as affected by soil
physicochemical properties, J. Soils Sediments, 2016, 16, 2234-2241.

J. Chorover and M. K. Amistadi, Reaction of forest floor organic matter at goethite, birnessite
and smectite surfaces, Geochim. Cosmochim. Acta, 2001, 65,95-109.

D. 0’Connor, D. Houy, Y. S. Ok, J. Mulder, L. Duan, Q. Wu, S. Wang, F. M. G. Tack and |. Rinklebe,
Environ. Int., 2019, 126, 747-761.

W. Stumm and B. Sulzberger, The cycling of iron in natural environments: Considerations
based on laboratory studies of heterogeneous redox processes, Geochim. Cosmochim. Acta,
1992, 56, 3233-3257.

L. Zhang, S. Wu, L. Zhao, X. Lu, E. M. Pierce and B. Gu, Mercury Sorption and Desorption on
Organo-Mineral Particulates as a Source for Microbial Methylation, Environ. Sci. Technol.,
2019, 53, 2426-2433.

H. Hsu-Kim, K. H. Kucharzyk, T. Zhang and M. A. Deshusses, Mechanisms regulating
mercury bioavailability for methylating microorganisms in the aquatic environment: A
critical review, Environ. Sci. Technol., 2013, 47, 2441-2456.

C. A. Kelly, ]. W. M. Rudd, R. A. Bodaly, N. P. Roulet, V. L. St.Louis, A. Heyes, T. R. Moore, S.

Schiff, R. Aravena, K. J. Scott, B. Dyck, R. Harris, B. Warner and G. Edwards, Increases in

Page 19 of 29



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

35

36

37

38

39

40

41

42

43

44

fluxes of greenhouse gases and methyl mercury following flooding of an experimental
reservoir, Environ. Sci. Technol., 1997, 31, 1334-1344.

A. Heyes, T. R. Moore, ]. W. Rudd and ]. ]. Dugoua, Methyl mercury in pristine and
impounded boreal peatlands, Experimental Lakes Area, Ontario, Can. J. Fish. Aquat. Sci.,
2000,57,2211-2222.

K. R. Rolfhus, J. P. Hurley, R. A. Bodaly and G. Perrine, Production and retention of
methylmercury in inundated boreal forest soils, Environ. Sci. Technol., 2015, 49, 3482-
3489.

X. Wang, Z. Ye, B. Li, L. Huang, M. Meng, ]. Shi and G. Jiang, Growing Rice Aerobically
Markedly Decreases Mercury Accumulation by Reducing Both Hg Bioavailability and the
Production of MeHg, Environ. Sci. Technol,, 2014, 48, 1878-1885.

T. Frohne, . Rinklebe, U. Langer, G. Du Laing, S. Mothes and R. Wennrich, Biogeochemical
factors affecting mercury methylation rate in two contaminated floodplain soils,
Biogeosciences, 2012, 9, 493-507.

B. A. Poulin, G. R. Aiken, K. L. Nagy, A. Manceau, D. P. Krabbenhoft and ]. N. Ryan, Mercury
transformation and release differs with depth and time in a contaminated riparian soil
during simulated flooding, Geochim. Cosmochim. Acta, 2016, 176, 118-138.

Y.R. Liy, ]. X. Dong, L. L. Han, Y. M. Zheng and ]. Z. He, Influence of rice straw amendment on
mercury methylation and nitrification in paddy soils, Environ. Pollut., 2016, 209, 53-59.

Y. Zhang, Y.-R. Liuy, P. Lei, Y.-J. Wang and H. Zhong, Biochar and nitrate reduce risk of
methylmercury in soils under straw amendment, Sci. Total Environ., 2018, 619-620, 384-
390.

Z. Tang, F. Fan, X. Wang, X. Shi, S. Deng and D. Wang, Mercury in rice (Oryza sativa L.) and
rice-paddy soils under long-term fertilizer and organic amendment, Ecotoxicol. Environ.
Saf,, 2018, 150, 116-122.

T. Matilainen, M. Verta, H. Korhonen, A. Uusi-Rauva and M. Niemi, Behavior of Mercury in
Soil Profiles: Impact of Increased Precipitation, Acidity, and Fertilization on Mercury
Methylation, Water. Air. Soil Pollut., 2001, 125, 105-120.

D. G. Kinniburgh and M. L. Jackson, Adsorption of Mercury(II) by Iron Hydrous Oxide Gell,

Page 20 of 29



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

45

46

47

48

49

50

51

52

53

54

55

Soil Sci. Soc. Am. J., 1978, 42, 45.

R. A. Lockwood and K. Y. Chen, Adsorption of mercury(Il) by hydrous manganese oxides,
Environ. Sci. Technol., 1973,7,1028-1032.

M. Ravichandran, Interactions between mercury and dissolved organic matter - A review,
Chemosphere, 2004, 55, 319-331.

T. Borch, R. Kretzschmar, A. Kappler, P. Van Cappellen, M. Ginder-Vogel, A. Voegelin and K.
Campbell, Biogeochemical Redox Processes and their Impact on Contaminant Dynamics,
Environ. Sci. Technol., 2010, 44, 15-23.

J. Harris-Hellal, M. Grimaldi, E. Garnier-Zarli and N. Bousserrhine, Mercury mobilization by
chemical and microbial iron oxide reduction in soils of French Guyana, Biogeochemistry,
2011,103, 223-234.

A. F. Hofacker, A. Voegelin, R. Kaegi and R. Kretzschmar, Mercury mobilization in a flooded
soil by incorporation into metallic copper and metal sulfide nanoparticles, Environ. Sci.
Technol.,, 2013, 47, 7739-7746.

R. M. Kronberg, M. Jiskra, ]J. G. Wiederhold, E. Bjorn and U. Skyllberg, Methyl mercury
formation in hillslope soils of boreal forests: The role of forest harvest and anaerobic
microbes, Environ. Sci. Technol., 2016, 50,9177-9186.

K. Ekl6f, K. Bishop, S. Bertilsson, E. Bjorn, M. Buck, U. Skyllberg, O. A. Osman, R. M. Kronberg
and A. G. Bravo, Formation of mercury methylation hotspots as a consequence of forestry
operations, Sci. Total Environ., 2018, 613-614, 1069-1078.

L. Zhao, G. Qiu, C. W. N. Anderson, B. Meng, D. Wang, L. Shang, H. Yan and X. Feng, Mercury
methylation in rice paddies and its possible controlling factors in the Hg mining area,
Guizhou province, Southwest China, Environ. Pollut., 2016, 215, 1-9.

D. Yin, T. He, R. Yin and L. Zeng, Effects of soil properties on production and
bioaccumulation of methylmercury in rice paddies at a mercury mining area, China, J.
Environ. Sci. (China), 2018, 68, 194-205.

S. E. Rothenberg and X. Feng, Mercury cycling in a flooded rice paddy, J. Geophys. Res.
Biogeosciences, 2012,117,n/a-n/a.

R. S. Gilli, C. Karlen, M. Weber, ]. Riegg, K. Barmettler, H. Biester, P. Boivin and R.

Page 21 of 29



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

56

57

58

59

60

61

62

63

64

65

Kretzschmar, Speciation and Mobility of Mercury in Soils Contaminated by Legacy
Emissions from a Chemical Factory in the Rhone Valley in Canton of Valais, Switzerland,
Soil Syst., 2018, 2, 44.

G. Du Laing, |J. Rinklebe, B. Vandecasteele, E. Meers and F. M. G. Tack, Trace metal behaviour
in estuarine and riverine floodplain soils and sediments: A review, Sci. Total Environ., 2009,
407,3972-3985.

IUSS Working Group WRB, World reference base for soil resources 2014. International soil
classification system for naming soils and creating legends for soil maps, World Soil Resource
Reports No. 106. FAO, Rome, 2014.

C. Glenz and J.-R. Escher, FUAG-Forum Umwelt AG, 2011.

M. Hojdov3, J. Rohovec, V. Chrastny, V. Penizek and T. Navratil, The Influence of Sample
Drying Procedures on Mercury Concentrations Analyzed in Soils, Bull. Environ. Contam.
Toxicol,, 2015, 94, 570-576.

C. C. Brombach, Z. Gajdosechova, B. Chen, A. Brownlow, W. T. Corns, ]. Feldmann and E. M.
Krupp, Direct online HPLC-CV-AFS method for traces of methylmercury without
derivatisation: A matrix-independent method for urine, sediment and biological tissue
samples, Anal. Bioanal. Chem., 2015, 407, 973-981.

S. C. Hight and J. Cheng, Determination of methylmercury and estimation of total mercury
in seafood using high performance liquid chromatography (HPLC) and inductively coupled
plasma-mass spectrometry (ICP-MS): Method development and validation, Anal. Chim.
Acta, 2006, 567, 160-172.

S. Sannac and Y. Chen, Benefits of HPLC-ICP-MS coupling for mercury speciation in food,
Handb. hyphenated ICP-MS Appl., 2012, 23-25.

R. Jagtap and W. Maher, Measurement of mercury species in sediments and soils by HPLC-
ICPMS, Microchem. J., 2015, 121, 65-98.

S. L. Rézanski, J. M. P. Castejon and G. G. Fernandez, Bioavailability and mobility of mercury
in selected soil profiles, Environ. Earth Sci., 2016, 75, 1065.

L. Charlet, F. Blancho, T. Bonnet, S. Garambois, P. Boivin, T. Ferber, D. Tisserand and S.

Guedron, Industrial Mercury Pollution in a Mountain Valley: A Combined Geophysical and

Page 22 of 29



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

66

67

68

69

70

71

72

73

74

75

76

Geochemical Study, Procedia Earth Planet. Sci., 2017, 17, 77-80.

L. Cattani, S. Spalla, G. M. Beone, A. A. M. Del Re, R. Boccelli and M. Trevisan, Characterization
of mercury species in soils by HPLC-ICP-MS and measurement of fraction removed by
diffusive gradient in thin films, Talanta, 2008, 74, 1520-1526.

U. Skyllberg, ]. Qian, W. Frech, K. Xia and W. F. Bleam, Distribution of mercury, methyl
mercury and organic sulphur species in soil, soil solution and stream of a boreal forest
catchment, Biogeochemistry, 2003, 64, 53-76.

I. Hindersmann, Ph.D. Thesis, Universitat zu Koln, 2013.

D. Wallschldger, M. V. M. Desai and R.-D. Wilken, The role of humic substances in the
aqueous mobilization of mercury from contaminated floodplain soils, Water. Air. Soil
Pollut., 1996, 90, 507-520.

A.R. C. Grigg, R. Kretzschmar, R. S. Gilli and ]. G. Wiederhold, Mercury isotope signatures of
digests and sequential extracts from industrially contaminated soils and sediments, Sci.
Total Environ., 2018, 636, 1344-1354.

G. Oregaard and S. . Sgrensen, High diversity of bacterial mercuric reductase genes from
surface and sub-surface floodplain soil (Oak Ridge, USA), ISME ., 2007, 1, 453-467.

Y.-R. Liy, J.-Z. He, L.-M. Zhang and Y.-M. Zheng, Effects of long-term fertilization on the
diversity of bacterial mercuric reductase gene in a Chinese upland soil, J. Basic Microbiol.,
2012,52,35-42.

A. Frossard, ]. Donhauser, A. Mestrot, S. Gygax, E. Baath and B. Frey, Long- and short-term
effects of mercury pollution on the soil microbiome, Soil Biol. Biochem., 2018, 120, 191-
199.

B. F. Lyon, R. Ambrose, G. Rice and C. ]. Maxwell, Calculation of soil-water and benthic
sediment partition coefficients for mercury, Chemosphere, 1997, 35, 791-808.

H. Bohn, B. McNeal and G. O’Connor, Soil chemistry, John Wiley & Sons, Ltd, New York, NY,
3rd edn., 2001.

A.V.Hirner and ]. Hippler, Trace Metal(loid)s (As, Cd, Cu, Hg, Pb, PGE, Sb, and Zn) and Their

Species, Treatise Water Sci., 2011, 31-57.

Page 23 of 29



647  Tab. 1. Soil properties of the investigated fields (mean + sd). Soil properties refer to the average

648  of 5 depth layers (10 cm layers, 0-50 cm) if not mentioned otherwise.

Site A Site B Site C
Grown crop maize (harvested) wheat (harvested) grass (cut)
) 46.30210N 46.30089N 46.30040N
GPS coordinates

7.81182E 7.81949E 7.82237E

pH 7.4-8.1 7.6-8.0 7.3-7.8

Texture: Silt loam Silt loam Silt loam
Sand (%, n=9) 18.0x 15 23.1+7.3 26.4 £ 6.2
Silt (%, n=9) 69.1+£1.5 64.5+t4.4 64.8+4.2

Clay (%, n = 9) 129+15 124+33 8.9+22

Moisture content ( %, n =
256+1.1 25.6+1.38 27.0+138
20)
Bulk density (g/cm 3, n=3) 1.2+01 15+01 1.3+01
Organic C concentration
1.9 £ 0.2 (n=7) 1.7+0.2(n=8) 2.0+0.3(n=8)

(mass %, 0 — 20 cm)

649

650  Tab. 2. Correlation coefficients and error probabilities of clay content (%) with Hg concentration

651  (mg/kg). n.s. is not significant.

Pearson correlation

coefficient R
Site
A n.s. 0.61
B <0.01 0.85
C n.s. 0.37
Distance
5m <0.001 0.92
10m <0.01 0.85
20m 0.05 0.66
Depth
Ocm <0.05 0.73
20 cm <0.05 0.77
40 cm n.s. 0.53
652
653
654
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