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Abstract. An automated biogeochemical microcosm sys-in DOC, sulfur cycle, and microbial community structure
tem allowing controlled variation of redox potential{E =~ whereas g and pH values, as well as concentration of dis-
in soil suspensions was used to assess the effect of variowlved Fé+/Fet and CI- seem to play subordinate roles
factors on the mobility of mercury (Hg) as well as on the in Hg mobilization and methylation under our experimental
methylation of Hg in two contaminated floodplain soils with conditions.
different Hg concentrations (approximately 5mgHgkg
and>30mgHgkg1). The experiment was conducted under
stepwise variation from reducing (approximateh350 mV
at pH 5) to oxidizing conditions (approximately 600 mV at 1 Introduction
pH 5). Results of phospholipid fatty acids (PLFA) anal-
ysis indicate the occurrence of sulfate reducing bacterigMercury (Hg) is one of the most hazardous heavy metals,
(SRB) such adesulfobacter species (10Me16:0, cy17:0, Posing a risk to humans and environment (e.g. Wolfe et al.,
10Mel18:0, cy19:0) orDesulfovibrio species (18:26,9), 1998; Gibicar et al., 2006; Bergeron et al., 2011) It is
which are considered to promote Hg methy|ati0n_ Thedistributed widespread all over the world and can be found
products of the methylation process are lipophilic, highly in various environmental compartments such as floodplains
toxic methyl mercury species such as the monomethyl mer{€.g. Devai et al., 2005; Overesch et al., 2007; Rinklebe et
cury ion [MeHg"], which is named as MeHg here. The al., 2009). Many floodplain soils have accumulated large
In(MeHg/Hg) ratio is assumed to reflect the net produc- amounts of Hg as a result of atmospheric deposition or
tion of monomethyl mercury normalized to total dissolved through transport from the watershed (e.g. Boening, 2000;
Hg (Hg) concentration. This ratio increases with rising dis- During et al., 2009; Rinklebe et al., 2010). Large floodplain
solved organic carbon (DOC) to Hratio (In(DOC/Hg) ra- areas along the Wupper River (Germany) are heavily polluted
tio) (R2=0.39, p < 0.0001,n = 63) whereas the relation be- With Hg due to the discharge of waste originating from textile
tween In(MeHg/Hg) ratio and InDOC is weake®? = 0.09; industry, particularly from dye factories, and metal industry
p <0.05; n =63). In conclusion, the DOC/Hgatio might  during the last centuries.
be a more important factor for the Hg net methylation than  The mobility, bioavailability, ecological and toxicological
DOC alone in the current study. Redox variations seem toeffects of Hg are strongly dependent on its chemical speci-
affect the biogeochemical behavior of dissolved inorganication (Ullrich et al., 2001). Methylation of inorganic Hg is
Hg species and MeHg indirectly through related changesan important process, which can fundamentally change its
mobility, bioavailability, and toxicity (Boening, 2000). The
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products of this methylation process are lipophilic, highly 1975; Boening, 2000; Agusa et al., 2005; Devai et al., 2005;

toxic methyl mercury species such as dimethyl mercuryGibicar et al., 2006), mechanistic experiments aimed to study

[MezHg] or the monomethyl mercury ion [MeHd, which the redox-induced mobilization and immobilization of Hg

is named as MeHg in the following. Both methyl mercury and MeHg as well as information on biogeochemical factors

species exhibit a significant risk to humans and wildlife due affecting the methylation rate of Hg in floodplain soils are

to its neurotoxicity and tendency to accumulate in the foodvery scarce up to date.

chain (Wolfe et al., 1998; Boening, 2000; King et al., 2002; Thus, our aim was to assess the impact gf gH, DOC,

Lietal., 2010). sof;, Fe, and Ct on the mobility and methylation of Hg in
Generally, the mobility and methylation of Hg in fre- two floodplain soils with different Hg contamination levels

quently flooded soils is determined by a range of factors,(approximately 5 and-30 mgHg kg1, respectively) under

such as redox potential (&, pH, dissolved organic carbon acidic to neutral pH conditions. Therefore, we used an au-

(DOC), sulphur (S), chloride (C), iron (Fe), and total dis- tomatic biogeochemical microcosm system allowing estab-

solved Hg (Hg) content (e.g. Skyllberg et al., 2003; De- lishing definite, computer-controlled redox conditions in soil

Laune et al., 2004; Sunderland et al., 2006). Dissolved orsuspensions.

ganic carbon interacts strongly with Hg by the formation of

Hg-DOC complexes (e.g. Ravichandran, 2004; Khwaja et al., ,

2006 Feyte et al., 2010). The high affinity of Hg to DOC can 2 Materials and methods

partly be attributed to the binding of Hg with reactive sulfur 21 Study site

groups in the hydrophobic acid fraction of DOC (Karlsson ="

and Skyllberg, 2003; Shanley et al., 2008). _ Soil samples were collected from two floodplain soils (Wup-
Mercury immobilization can be induced under anoxic con- per 1 = W1; Wupper 2 = W2) at the lower course of the
ditions due to the formation of har(_jly soluble Hg sulfides Wupper River (Germany) close to the confluence into the
(e.g. Skyllberg et al., 2003; Du Laing et al., 2009). Sul- phine River (Fig. 1). The study sites are located about
fides (5?. ) are generated through sulfate @ reduc- 15 20km to the north of Cologne, Germany, near the
tion, which is mainly catalyzed by microorganisms. Sul- ;o Leverkusen (W1: 5#0.48 N, 6°590.77' E; W2:
fate reducing bacteria (SRB) (e.esulfovibrio desulfuri-  c1o54 17N 7001261 E). The distance between the two

cans, Desulfobulbus proprionicumediate the formation of — gy,qy sites is about 2 km. The long term average annual pre-
S as a result of respiration processes that requirg SO cipitation is approximately 800 mm and the long term aver-
as a terminal electron acceptor (King et al., 2002). DUr-a4e annual air temperature is 168 (DWD, 2009). The

ing Hg methyla’uqn, microorganisms increase thgw resistanCeological parent material consists of sediments of the Rhine
to Hg by rendering the Hg ion ineffective in disturbing  piyer (“Niederrheinische Bucht”), which is predominantly
the normal biochemical processes within the cell (Boening.gpaje from Devonian origin (‘Rheinisches Schiefergebirge”).
2000). This methylation process has been found to be mainlyyq sty dy sites are used as grassland and are flooded season-
conducted by SRB and Fe reducing bacten.a (Compeau ang"y by the Wupper River, usually in springtime (Wupperver-
Bartha, 1985; Macalady et al., 2000; Fleming et al., 2006;,,3n4 2009). The Wupper River is approximately 115 km in
Merritt and Amirbahman, 2009). Furthermore, it might be ,nitde with an average gradient of 0.4 %. The discharge

possible that other organisms such as aerobic bacteria, fungézverages 15.4%s 1. The catchment area of the Wupper
and seaweed may play a role in Hg methylation as suggestegyer comprises 814 kfa Both soils are classified as Eutric
for tropical environments and mangrove wetlands (Coelho-g visols (IUSS-ISRIC-FAO, 20086).

Souza et al., 2006; Wu et al., 2011). The microbial com-
munity composition in soils and sediments can be charac2.2 Sampling, pre-treatment, and analysis of bulk soil
terized by the analysis of phospholipid fatty acids (PLFA)
(e.g. Macalady et al.,, 2000; Rinklebe and Langer, 2006;Soil samples were collected from the genetic A-horizons (0—
Langer and Rinklebe, 2009). This method allows identify- 10cm for W1; 0-32cm for W2). Soil sampling was per-
ing the presence of SRB (Taylor and Parkes, 1985; Colemaiformed in four replicates of about 1kg each which were
etal., 1993; Macalady et al., 2000). merged to one sample. For chemical analysis, soil material
Iron can influence the dynamics of Hg in soils. For in- was homogenized, air-dried, and sieved®mm. Subsam-
stance, Fe(hydr)oxides are able to adsorb Hg; thus, theples were ground in an agate disc mill. Physico-chemical
can act as important Hg sinks (Fernandez-Martinez et al.soil properties were determined according to standard meth-
2006; Harris-Hellal et al., 2011). Moreover, the mobility and ods (Schlichting et al., 1995). Total C {)Gnd total N ()
methylation of Hg can be influenced by Clfor example  were determined via dry combustion and thermal conductiv-
through the formation of Hg chloride or MeHg-Cl complexes ity detection using a C/N/S-Analyzer (Vario EL Heraeus, An-
(Davis et al., 1997; Skyllberg et al., 2003). alytik Jena, Germany). A C-MAT 550 (Stroehlein, Germany)
Although the presence of Hg and MeHg in the environ- was used to measure inorganic C by dry combustion and IR-
ment has been frequently documented (e.g. van Faassedetection. Soil organic C was calculated as the difference
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Fig. 1. Study site.

to pellets and S was measured by energy dispersive X-ray
spectroscopy (XLAB 2000, Spectro, Germany). The calibra-
tion (using wax pellets) was done in the concentration range
0.0150-15 gkg'. The following 15 reference materials had
been used: GBW 7309-7312, GBW 7409-7411, LKSD 1,
LKSD 4, NIST 2704, and NIST 2710.

For the soil microbial analysis (PLFA), fresh soil samples
were sieved to<2 mm and thereafter frozen at20°C. Af-
ter storage, samples were allowed to thaw a&C4or one
day and 4 h at 20C before analysis. Phospholipid extraction
and PLFA analysis were performed following the standard
procedure described by White et al. (1979) and Frdstkg
et al. (1991). Lipids were extracted with a modified single-
phase mixture chloroform-methanol-citrate buffer (1:2:0.8
viviv) (Bligh and Dyer, 1959). The resulting lipid material
was fractionated into neutral lipids, glycolipids, and polar
lipids by a silica-bonded phase column. The polar lipids were
transesterified to the fatty acid methyl esters by a mild al-
kaline methanolysis (Guckert et al., 1985). Samples were
analyzed by gas chromatography/mass spectroscopy using
a Hewlett-Packard 6890 series gas chromatograph with a
HP-5MS column (60.0 m length, 0.25 mm internal diameter,
coated with a cross-linked 5% phenyl methyl rubber phase
with a film thickness of 0.25pum) interfaced to an Agilent
5973 mass selective detector. The resulting chromatograms
were evaluated by mass spectra, retention times, and non-
adecanoic acid methyl ester (19:0) as the internal standard
(N-5377, Sigma Chemical, Inc.). The analytical quality
was confirmed by the repeated analysis of a standard bac-
terial acid methyl ester mix and a 37-component FAME mix
(47080-U and 47885-U, Supelco, USA). PLFA were desig-
nated using the nomenclature described by Feng et al. (2003).
More details regarding the method of PLFA analyses can be
found in Rinklebe and Langer (2006) and Langer and Rin-
klebe (2009).

2.3 Redox experiment

2.3.1 Biogeochemical microcosm system

between ¢ and inorganic C. Particle-size distribution was Flooding events were simulated using an automated biogeo-
measured using the pipette sampling technique by wet sievehemical microcosm system in the laboratory (Fig. 2). This

ing and sedimentation (Blume et al., 2000). Total metal con-system allows establishing pre-defined redox conditions in

centrations of the soil were quantified after digestion usingsoil suspensions by flushing them with nitrogen Nr oxy-

aqua regia (37 % HCI + 65% HN{)volume ratio 3:1) ig-

gen (@). Thus, it is possible to study the effect of;&l-

noring the immobile silica-bound fraction. Total Hg was ana- most independent from other parameters. Recently this sys-
lyzed by a cold vapor atomic absorption spectrometer (FIMStem was described in detail by Yu and Rinklebe (2011) and
400, Perkin Elmer, USA). The calibration range was 0.5—successfully used in previous studies for the investigation of
20pug L. The dissolved samples were appropriate dilutedtrace gases (Yu et al., 2007), for the quantification of mercury
for this calibration range using 0.01 M nitric acid. Analytical emissions (Rinklebe et al., 2010), and for the determination
accuracy was achieved by the use of certified reference masf the dynamics of trace metals (Rupp et al., 2010; Frohne

terial (IAEA 405, IAEA 433, NIST 2709, and LGC-6139).

et al.,, 2011). The current study was conducted in four in-

Inductively coupled plasma atomic emission detection (Cirosdependent trials for each soil. The microcosms (MCs) were
CCD, Spectro, Germany) was used for determination of Fefilled with 200 g air-dried soil and 1600 ml deionized water.
For the determination of total S, the soil was compressedHomogenous conditions were reached by stirring the slurry
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continuously. Redox potential, pH, and temperature in each
MC were monitored every ten minutes by electrodes (Meins- 1
berger Elektroden, Germany) and stored by a data logger. A 5 ¢ |7—

The pH values of MC 8 and theEvalues of MC 1 after ., M —_—
approximately 800 h incubation could not be monitored due —H-h -
to an error of the electrodes. The measured redox potential
values were normalized to pH 5, because the mean pH dur-
ing the experiment was around 5 for both soils. Thus, the Data-Logger | | 10
corrected values will be referred to asyfgpHs’ in the fol-
lowing.

Straw and glucose were added to each MC to provide an N; ]
additional source of organic matter for microorganisms. As U-"M UU 0,
a result, levels of garpHs decreased (Fig. 4). This process $
was accelerated by continuously flushing the MCs with N " s/
for several days. When lowest4Evalues were reached, i soil microcosm system:
the first sample was taken from each MC. Thereafter, E
values were increased in steps of approximately 100 mV by @
adding Q. Thereby, [ was kept within the setEwindows (2) - redox potential- (E,) electrode
+10-20mV around the aimed value by supplying 6 (9 pH electrode
N> automatically when the outer limits of thg Evindows
were exceeded. Redox potential was maintained for approx-
imately 24 h within each window and afterwards set to the ;) jicersion tube for o,
next window. Sampling was conducted approximately 24h (g giass vessel
after reaching each newyEwindow (Fig. 4). The soil/water (9) automatic £, regulation by N, and O, valves
ratio remained the same during the experiment. After achiev- (10) datalogger (E,, pH, temperature)
ing the highest E levels, N was added to IowenEagain. (11) PC control for datalogger and valve system

E,-control 9

fliN

dispersion tube for N,

(4) stirrer
5) thermometer

(6) sampling tube

2.3.2 Sample preparation, sub-sampling, and storage Fig. 2. Biogeochemical microcosm setup.
during the redox experiment

The slurry in the MCs was sampled using a plastic sy-including a blank sample was used for sample analysis. An
ringe connected with a PTFE tube. The slurry samplesintern reference sample was analyzed after every 10 samples
were immediately centrifuged for 15min at 3000 rpm. Af- to check the instrument drift. The drift was satisfying for all
terwards, the supernatants were filtered through a 0.45 urmeasurements. The detection limit was 10mg IThe rela-
Millipore membrane (Whatman Inc., Maidstone, UK) under tive standard deviation of repeated measurements was below
N»-atmosphere. Thereafter, the filtrate (defined as the sol3 % for all samples.

uble fraction) was aliquoted to subsamples for subsequent The analyses of MeHg in the subsample were conducted
analysis. For measuring kghe first 10 ml subsample was by gas chromatography with atomic emission detection (GC-
preserved with 200 pl 0.2 M bromine monochloride solution AED). An amount of 2 ml of the sample was spiked with
(BrCl) and stored at 8C in bottles of acid rinsed borosilicate 4 ml buffer solution (pH 4.5) and 20 pl Na-propylborat so-
glass with PTFE-lined caps. A second subsample (8 ml) wasution (2% in THF). The solution was stirred for 10 min.
stored in acid rinsed glass bottles &@for the analysis of The Hg species were enriched from the aqueous phase by
MeHg. Another 10 ml subsample was stabilized by additionsolid phase microextraction (SPME) in the headspace mode.
of 400 pl 65 % HNQ for analysis of total Fe and total S. An- Analytes were enriched onto a 100 pm polydimethylsiloxane
other subsample (10 ml) was stored-820°C and gradually  (PDMS) —fibre for 30 min at a temperature of3D. The pre-

thawed for the determination of DOC, Cland S(j*. pared samples were stored atThuntil measurement. Sam-
ples were processed automatically by a multipurpose sampler
2.3.3 Chemical analyses of the redox experiment (MPS2, Gerstel, Nllheim, Germany) combined with a gas
samples chromatograph Hewlett-Packard 6890 (Agilent, Waldbronn,

Germany) and a microwave-induced plasma atomic emission
Total Hg was measured with cold vapor atomic fluorescencedetector jas 2350 (jas GmbH, Moers, Germany). Thermal
spectrometry (CV-AFS) (mercur duo plus, Analytik Jena, desorption was carried out directly in the injector of the gas
Germany). Mercury standard solutions were prepared by dichromatograph for 1 min at 20€. The analyses were car-
luting mercury standard solution 1000 mgHg (CertiPur,  ried out using an HP1 column (25m0.32 mmx 0.17 pm)
Merck) with deionized water. A 7-point calibration curve and He as carrier gas. Injection was performed in splitless

Biogeosciences, 9, 49807, 2012 www.biogeosciences.net/9/493/2012/
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mode and the oven was programmed fron?@Q2 min) to 3 Results

280°C at 25°C min~. Reagent gases for the AED were O

and H, the make-up gas flow (He) was 130mimin The 3.1 Properties of the bulk soils

Hg emission line 254 nm was monitored. Only monomethyl

mercury (MeHg) — and no dimetyhl mercury (Mélg) —  Selected properties of the studied bulk soils are provided in

could be detected. The detection limit for MeFHgvas  Table 1. The soils of W1 and W2 mainly consist of sand and

0.8ngHgt!. The calibration range was 1-100ng Hg silt. The content of organic carbon is relatively high and the

Quality control was carried out using following reference contents of inorganic carbon are 0.01% (W1) and 0.005 %

materials: 1AEA 405, IAEA 433, and CRM 462. Total Fe (W2). The pH is slightly acidic to neutral. Soil W1 is con-

and S were quantified by inductively coupled plasma opticaltaminated with approximately 5mg k§Hg, whereas soil

emission spectrometry (ICP-OES) (Ultima 2, Horiba Scien-W2 is higher contaminated and contain80 mg Hg kgt

tific, Unterhaching, Germany). A four-point calibration was (Table 1). For both soils, concentrations of Hg exceed the

conducted by diluting single standard and multi element so-action value of 2 mg Hg kg* set by the German Federal Soil

lutions (CertiPur, Merck) with deionized water. Analysis was Protection Ordinance (BBodSchV, 1999).

conducted in three replications. The relative standard devia- The results of PLFA analysis of the bulk soil are shown

tion of replicate analysis was below 5 %. in Fig. 3. A total number of 26 PLFA (W1) and 20 PLFA
Dissolved organic carbon was measured after 2-point cal{W2), respectively, were found in the soils. Here, those fatty

ibration with a TOC-analyzer (TOC+g/ Shimadzu, Kyoto, acids which were previously identified as possible biomark-

Japan). Measurement was performed in two replications foers for SRB are of particular interest. The fatty acids 15:0,

each sample. The detection limit was 1 mg.| Sulfate and  10Me16:0, cy17:0, 18@6,9, 10Me18:0, and cy19:0 can

Cl~ were determined using an ion chromatograph (Personaserve as biomarkers for SRB (Taylor and Parkes, 1983;

IC 790, Metrohm, Filderstadt, Germany) with a Metrosep A Kohring et al., 1994; Macalady et al., 2000). The fatty acids

Supp 4 - column. The detection limit was 0.03 m§ for 10Mel16:0 and cy19:0 revealed the highest values whereas

both ions. cyl17:0 and 10Me18:0 showed intermediate values in both
soils. The PLFA 15:0 and 18:5,9 were low concentrated
2.4 Calculations and statistical analysis in the studied soils.

Mean values of i and pH data measured every 10 min orig- 3 o Redox experiment
inating from 3, 6, 12, and 24 h periods prior to sampling were
calculated. Values below the detection limit were excludedtne variations (mean, median, and range) of the measured

for the statistical analyses. Thereafter correlation and regreyarameters during thefexperiment are provided in Table 2.
sion analyses between Hagnd MeHg on the one hand and Tpe range was 0.09-8.27 pdHlfor Hg and 1.3-101 ng1%.

Ew, pH, DOC, S§, CI~, Fe, and S on the other hand were fo MeHg. The mean values were 0.99 g ffor Hg; and
conducted. Relations between MeHg{Hagd DOC/Hg on 14ngf?! for MeHg. The F ranges from—335-601 mV
one hand and DOC and kgn the other hand were also (4| gata). The pH ranges from 4.1-7.2 (all data) with mean
calculated. Mean & and pH values of the 6h period prior y4jyes around 5 for both soils. During the experiment, E

to sampling were used because they revealed the highest rgng pH reveal a very weak significant negative correlation
gression coefficients in most cases. Correlation analysis wagg2 — 0,02: j < 0.01: n = 47,941). The development of

conducted by SPSS 19. ORIGIN 6.0 was used to calculate '€E} aipHs Measured in the slurry every 10 min during the ex-
gressions and descriptive statistics. For regression analysegeriment and concentrations of Hg the soluble fraction at
the naturally logarithmised values (In) of HidleHg, DOC,  the sampling time are given in Fig. 4. The lowestaBs
Cl-, SG;~, and Fe were taken, because the range of the valieyels were around-150 and 0mV in MCs 14 (W1) and
ues differed for several orders of magnitude. According topetween-100 and—350 mV in MCs 5-8 (W2). The highest
Fowler et al. (2006), the strength of the correlations was CALE, s levels were around 500 mV for W1 and 500-600 mV
egorized in our study as follows:< 0.20 (correspondstothe - {or W2, The development of pH measured in the slurry every
coefficient of determinatio? < 0.04) represent very weak 10 min and the values of MeHg in the soluble fraction at the
correlationsy between 0.20 and 0.3%®¢ between 0.04 and sampling points during the experiment are given in Fig. 5.
0.15) weak correlations;between 0.4 and 0.6®RE between  The mean initial pH was 7£0.2 for W1 (MCs 1-4) and
0.16 and 0.48) modest correlations; anel 0.69 (R?>048)  57403for W2 (MCs 5-8). The pH dropped rapidly in all
strong correlations. MCs to values between 4 and 5. Afterwards, the pH slightly
increased in all MCs when increasing thg &epwise. A re-
lationship between Hgand By, or between pH and MeHg in
the course of the experiment is not obvious (Figs. 4 and 5).
The In(MeHg/Hg) ratio revealed a modest positive rela-
tionship with In(DOC/Hg) (R?=0.39; p < 0.0001;n = 63)

www.biogeosciences.net/9/493/2012/ Biogeosciences, 9, 3932012
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Table 1. Selected properties of the studied soilg organic carbon, N total nitrogen) total metal concentrations (aqua regia soluble),
and total sulfur (S) of the studied bulk soils Wupper 1 (W1) and Wupper 2 (W2).

Soil ‘ Depth [cm] ‘ Texture [%] ‘ Corg Nt ‘ CorgN¢ ‘ Fe ‘ Hg S
Sand Silt Clay " lgkg 1 | [mgkg—1
0.063-2mm  0.002-0.063mm <0.002mm| %]
w1 0-10 44 48 8 6.2 o 4 15.6 34 5.2 2060
W2 0-32 55 36 9 7.9 19.8 49 315 2669
W1
6000 -
5000 -+ ]

4000 +

pmol/g dw
N w
g 3

ro%s
1000 + % o
% ke
14 1
o U e BB @l o TEEO_0-
22 2 292 2 9 90 g 9o 9 9 9 9 o Ao o 9 9 9 2 9 2 9
vvmmmo’%;@mr\r\hl\@g%;oooocnommv:o
s 9 = ° P = °
= - S ® S = =
— —
W2
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]
©
o
=" 3000
(o]
g
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k=
K &
1000 1 o ] R
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PLFA

Fig. 3. Dry weight (dw) of phospholipid fatty acids (PLFA) in the bulk soils Wupper 1 (W1) and Wupper 2 (W2). Biomarkers for sulfate
reducing bacteria are cross hatched.

(Fig. 6). There was a weaker negative relationship betweemmodest positive relationshigk€ = 0.16; p < 0.005;1 = 63).
In(MeHg/Hg) and InHg (R2=0.18; p <0.001;n =63)and  Results of the regression analysis between InDOC,InCl
a weak positive relation between In(MeHg#ihgnd InDOC InSOf{, En, InFe, pH and InHgon one hand and InMeHg
(R?=0.09; p <0.05; n =63). LnHg values were corre- in the soluble fraction on the other hand are provided in Ta-
lated with InMeHg values and regression analysis showed &le 3. With the increase of Hand MeHg, Ct, 80‘21_, and

Biogeosciences, 9, 49807, 2012 www.biogeosciences.net/9/493/2012/
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Table 2. Variations (mean, median, range) of concentrations of eI-StUdy' a direct impact OffE,O” Hg or M?Hg concentrations.
ements and compounds in the soluble fraction as well as pH, angould not be detected (Figs. 4 and 5; Table 3). The varia-

redox potential (§) in the slurry. tions of Hg values during the experiment seem to be almost
independent from g variations (Fig. 4). Wallschiger et
Mean Median Range n al. (1998) found consistent with our results, that the mobility
- of Hg is less influenced by changing redox conditions. Hin-
H -1 099 0.49 0.09-8.27 65 .
M?;Hg [[L:‘g rl} 14 58 1.3-101 65 telmann and Wilken (1995) also reported that absoluyie E

might not be the most important factor regulating Hg methy-

E:Egn)szta)% [mV] 228 gi; :gggzggz gg 553 lation activity in anox.ic sediments. The results of the current
study appear to confirm those assumptions.
pH (6! 50 50 44-62 67 Redox potential has also an effect on the pH. Generally
PH (all dataf > 52 4172 47941 it is well established that pH increases during reduction be-
DoC 2096 1989 1082-4463 67 cause reduction processes consume protons (e.g. Yu et al.,
S0~ 32.0 86 22-223 67 2007). Accordingly, a similar behavior was generally ob-
cl [mgl~l] 584 144 72-3896 67 . .
s 21 20 07-77 67 served in our study. Literature data on effects of pH on
Fe 199 114 0.2-553 67 the mobility and methylation of Hg are contradictory. Some
authors found enhanced mobility and methylation of Hg at
1 means of data 6 h before sampling low pH (Boening, 2000; Ullrich et al., 2001; Wu et al.,
2 data measured every 10 min during the experiment 2011). This was attributed to the fact that DOC is more pos-
3 Ey corrected to pH 5 (see Materials and Methods) itively charged at low pH and therefore has weaker tenden-

cies to form complexes with Hg, enhancing its availability

for methylating bacteria (Ravichandran, 2004). This pro-

cess could have occurred in the current study as well and
DOC in the soluble fraction increased. These correlationsmight contribute to explain the modest negative relationship
were strong for MeHg and DOC and modest for the otherpetween MeHg and pH (Table 3). In contrast, low pH can
parameters. Iron was positively related to MeHg but not togecrease Hg methylation in anoxic sediments, maybe due
Hgi. Values of pH revealed a modest negative relation toyg the suppression of bacterial activity at low pH (Gilmour
MeHg and no correlation to H¢Table 3). Values of E (Ta-  and Henry, 1991). However, the results presented here show
ble 3) and S (data not given) are not related tq 6foMeHg. 3 |ess clear effect of pH on Kgnd on MeHg. Although
Values of Ct- and scj— in the soluble fraction were weakly e relationship between MeHg and pH is modest (Table 3),
associated with Bagprs (linear relationship witlR>=0.15;  a mutual development between MeHg and pH is not obvi-
p <0.01;n=67 for CI~ and curved relationshif?=0.13;  ous (Fig. 5) suggesting that additional factors are needed
p <0.05; n =67 for SG~ respectively). Iron contents in o explain MeHg variations. Accordingly, Wallséler et
the soluble fraction revealed a modest negative relationshigl. (1996) have shown that the influence of pH on the solubil-
t0 EnatpHs (R =0.33; p < 0.001;n = 67). Contents of DOC ity of Hg is relatively low compared to other metals (e.g. Cd,
did not have a significant relationship witu&pns (data not  Ni, Co, Zn, Cu, Pb). The direct impact of{on the behavior
shown). of Hg and MeHg seems to be very weak in our study. Instead,

indirect effects of g and pH on the mobility and methylation

of Hg through E or pH related changes of other determining
4 Discussion factors such as concentrations of DOC, Fe; ,Gind Scﬁ‘

should be more important under our experimental conditions.
4.1 Direct impact of E4 and pH on the mobility and

methylation of Hg 4.2 Impacts of DOC, Fe, Cf', and sof; on the mobility
and methylation of Hg

The biogeochemical behavior and the dynamics of Hg and
MeHg under changing redox conditions are affected by var-Total mercury and MeHg concentrations were positively
ious factors. Our original hypothesis was that systematicrelated to DOC concentrations in the current experiment
changes of g from anaerobic to aerobic conditions should whereas this relationship is stronger between MeHg and
have a considerable impact on the methylation of Hg since itDOC (Table 3). Similar results have been obtained by other
has been reported that MeHg increases with decreasing Eauthors (Covelli et al., 2009; Obrist et al., 2009; Feyte et
(DeLaune et al., 2004; Sunderland et al., 2006). On the otheal., 2010) since Hg and MeHg tend to form complexes with
hand, Ullrich et al. (2001) stated that anaerobic conditionsorganic carbon. The interaction between DOC and tidg
might favor the reduction from Hg to hardly soluble H8, spectively MeHg can partly be attributed to the binding of Hg
which in turn may reduce Hg mobility and Hg methylation with reactive S groups in the dissolved organic molecules, es-
because of reduced bioavailability. However, in the currentpecially in the hydrophobic acid fraction of DOC (Karlsson

www.biogeosciences.net/9/493/2012/ Biogeosciences, 9, 3932012
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Fig. 4. EjatpHs measured in the slurry every 10 min andldgncentrations in the soluble fraction during the experiment for each microcosm
(MC) (Wupper 1 = W1, Wupper 2 = W2).
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Fig. 5. Development of pH measured in the slurry every 10 min and MeHg concentrations in the soluble fraction during the experiment for
each microcosm (MC) (Wupper 1 = W1, Wupper 2 = W2).
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Table 3. Regressions between total mercury {Hgsp. methyl mercury (MeHg) vs. anions (clsofl—), DOC, ByatpHs Fe, and pH in the
soluble fraction. (+) positive relationship; (-) negative relationship; ns = not significantpwitB.05.

In(MeHg/Hg)

| n=63

InHgt InMeHg
InDOC regression equation Y =7.674 + 0.209 X Y =8.739 + 0.236 X
R? 0.26 (+) 0.53 (+)
p <0.0001 <0.0001
n 65 65
InSOfl_ regression equation Y =2.956 + 0.697 X Y =4.962 + 0.473 X
R? 0.28 (+) 0.20 (+)
p <0.0001 <0.0005
n 65 65
InCl- regression equation Y =5.900 + 0.687 X Y =7.716 + 0.433 X
R2 0.29 (+) 0.18 (+)
p <0.0001 <0.001
n 65 65
InFe regression equation Y =3.979-0.330 X Y =6.720 + 0.516 X
R2 0.02 (ns) 0.08 (+)
p 0.236 <0.05
n 65 65
pH regression equation Y =4.957-0.0626 X Y =4.367-0.125 X
R? 0.03 (ns) 0.17 ()
p 0.19 <0.001
n 65 65
EHatpHs ~ regression equation Y =249.201 +29.990 X = ¥-4.765-8.038E-4 X
R? 0.01 (ns) 0.03 (ns)
p 0.36 0.19
n 65 65

Y =-11.480+0.867 X

1 re=0.39

p < 0.0001

10 11

In(DOC/Hg)

Fig. 6. Relation In(MeHg/Hg) vs. In(DOC/Hg) in the soluble frac-

tion.

Biogeosciences, 9, 49307, 2012

and Skyllberg, 2003; Ravichandran, 2004; Khwaja et al.,
2006; Shanley et al., 2008).

In addition to the impact of DOC due to a complex-
ation of Hg and MeHg, a positive relationship between
In(MeHg/Hg) and In(DOC/Hg) was found in our study
(Fig. 6). The MeHg/Hgratio is assumed to reflect the net
production of MeHg normalized to the Hg concentration or
the methylation efficiency respectively (Shanley et al., 2005;
Skyllberg et al., 2007). Low MeHg/Hgatios can be due
to low Hg methylation or to high MeHg demethylation rates
(Remy et al., 2006). Thus, increasing DOC{Hatio might
have favored Hg net methylation or decreased demethylation
in the current study. One reason for rising DOC{Hagtio
might be increasing DOC concentrations. In this case, in-
creasing DOC could have promoted Hg net methylation or
depressed demethylation in our study. Other studies have
shown that high DOC contents can promote Hg methyla-
tion by enhanced SRB activity (see below), since DOC can
serve as an important carbon source for bacteria (Davis et al.,
1997; Ullrich et al., 2001; Lambertsson and Nilsson, 2006).
Furthermore, DOC can contribute to abiotic methylation of

www.biogeosciences.net/9/493/2012/
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Hg by donating methyl groups (Weber, 1993). However, and SCﬁ‘. However, this relationship is weak and not linear.
abiotic methylation seems to be a process of minor impor-Relationships between 8nd ByagpHs, Hg:, or MeHg could
tance compared to biological methylation (Avramescu et al.,not be found. One reason for that can be the rapid inter-
2011). The positive relationship between In(MeHg/Hand nal cycling of S, which makes ﬁo concentrations a poor
In(DOC/Hg) seems to be important in our experiment. In indicator for S§~ reduction rates (Koretsky et al., 2007;
contrast, the relationship between In(MeHg{Hand INDOC vy et al., 2007). When the concentration of reduced inor-
is weak, indicating that DOC alone might be a weaker fac-ganic S reaches a certain value the solubility and speciation
tor in determining the Hg net methylation as also found by of Hg?* may be controlled by the precipitation of insoluble
Skyllberg et al. (2003). Instead, the DOCfHgtio seems to  HgS or the formation of charged polysulfide Hg-complexes
play a more important role for Hg net methylation. as previously reported by several authors (e.g. Davis, 1997;
We also observed a negative relationship betweerBenoit et al., 2001; Du Laing et al., 2009). This may re-
In(MeHg/Hg) and InHg. A positive relationship was found  sult in decreasing Hg concentrations in the dissolved phase
between InHgand InMeHg as also reported by Sunderland when sulfates are removed from the dissolved phase upon
et al. (2006) and Ouddane et al. (2008). Thus, increasingeduction to sulfides. On the other hand, this may also re-
Hg: concentrations seem to have an inhibitory effect on Hgsult in the solubilisation of mercury upon oxidation of sul-
net methylation but may lead to higher total MeHg con- fides to sulfates under oxic conditions. Both processes may
centrations. High Hg concentrations can generally affectexplain the positive correlations we observed between dis-
soil microorganisms in different ways. First, it is reported spolved 3@* and Hg and MeHg concentrations. The for-
that high Hg contents can exhibit toxic effects on methy- mation of HgS at low | can also decrease the availability
lating bacteria resulting in a depression of MeHg produc-of Hg?+ for methylation, consequently reducing MeHg pro-
tion (Ullrich et al., 2001). Secondly, microorganisms in Hg duction (Ullrich et al., 2001; Han et al., 2008). In contrast,
contaminated soils can be well adapted to Hg stress. Thigeducing conditions can promote microbial mediated S re-
adaption can favor the selection of Hg tolerant bacteria induction, which in turn can increase Hg methylation (Duran et
soils (Oliveira et al., 2010; Ruggiero et al., 2011). As a al., 2008). In addition, high sulfide concentrations in marine
consequence, demethylation can be stimulated at high inofenvironments containing organic matter seem to promote the
ganic Hg concentrations by Hg tolerant bacteria which leadyptake of H§" by methylating bacteria such as sulfate re-
to reductive demethylation of MeHg (Safer et al., 2004).  ducing bacteria (SRB) maybe due to enhanced Hg bioavail-
Bacterial Hg resistance is encoded by the mercury resistancgbility in mixed DOM-Hg-S complexes (Benoit et al., 2001;
(mer) operon encoding proteins that act amongst other fac-Sunderland et al., 2006). Sulfate reducing bacteria have been
tors in mercury detoxification. Most Hg resistant isolates identified to be the principal methylators of inorganic Hg in
containmerB(organomercury lyasejnerA(mercuric reduc-  sediments (Compeau and Bartha, 1985; King et al., 2002).
tase) merP, andmerRgenes (Lapanje et al., 2010; Ruggiero The range of bacterial activity is large due to the variation
et al., 2011). Both toxic effects of Hgn methylating bac-  in quantity and quality of organic matter, abundance of SRB,
teria and the occurrence of Hg tolerant bacteria might haveemperature, and go availability (Pallud and van Capellen,
occurred in the current study in parallel. However, the cor-2006). Various PLFA have been frequently used as biomark-
relations between HgMeHg, and MeHg/Hgare relatively  ers (e.g. SRB) to describe the microbial community structure
low indicating that Hg appears to have limited utility as a in different environments (Taylor and Parkes, 1985; Coleman
predictor of Hg net methylation and MeHg concentrations. et al., 1993; Macalady et al., 2000; Wegener et al., 2008).
This is in good agreement with Ouddane et al. (2008) whoThe PLFA which might indicate the presenceDasulfobac-
indicates that the production of MeHg is dependent on otheker are 10Me16:0, cy17:0, 10Me18:0, and cy19:0 (Kohring
parameters such as SRB in addition to total Hg concentraet al., 1994). Those PLFA were abundant in both studied
tions in sediments with high Hg methylation activity. soils (Fig. 3). The fatty acids 10Me16:0 and 10Me18:0 might
Concentrations of MeHg and @ the soluble fraction  serve as indicators fobesulfobacterand additionally for
can also be influenced by the redox cycling of S, which isactinomycetes (Taylor and Parkes, 1983; Frcsteg1993).
abundant in both soils (Table 1). The relationships betweernThe polyunsaturated fatty acid 18:8,9 might indicate the
Hgt and SG, and between MeHg and §Oare moderate  occurrence obesulfovibrio(Macalady et al., 2000) or fungi
(Table 3) what might indicate that both Hand MeHg may  (Frostegrd, 1993).Desulfobulbuspecies are characterized
be linked to the sulfur cycle. Bmmer (1974) mentioned that by unbranched fatty acids such as 15:0 (Taylor and Parkes,
sulfides are generated from sulfates belgwE50 mV atpH  1983), which is widely distributed among different bacterial
7 (corresponds to 68 mV at pH 5). As the Raprs values  taxa (Macalady et al., 2000). Iron reducing bacteria such
fell below 68 mV in all MCs during the incubation (Fig. 4), asGeobacterspecies are also able to methylate mercury in
the formation of sulfides is most likely in our experiment. pure cultures at rates comparableDesulfobulbugFlem-
The soil slurries turned black and developed a typical odoring et al, 2006; Kerin et al., 2006; Windham-Myers et al.,

with decreasing kg, which also points towards the formation 2009). Additionally, Avramescu et al. (2011) reported that
of sulfides. We did observe a correlation betweegis
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Fe reduction through Fe reducing bacteria might decreasgas found in this study that Hgvas linked to the Fe cycle
demethylation. According to Kohring et al. (199@eobac- whereas MeHg showed a weak relationship to Fe (Table 3).
ter metallireducensnainly consists of the PLFA 16ui7c This may be attributed to the fact that DOC competes with
and 16:0, which are abundant in our soils (Fig. 3). TheseFe(hydr)oxides for binding Hg and MeHg (Feyte et al., 2010)
PLFA can also be found in many other organisms (Zelles,and the DOC contents were high in our study. Additionally,
1997). However, we might speculate that Fe reducing bactepH might be an important factor in this context, because Hg
ria could be present in our soils and therefore might also conis only preferentially sorbed to Fe(hydr)oxides in the neutral-
tribute to Hg methylation in the current study. The soil W1 alkaline pH-range (Ullrich et al., 2001). In summary, redox
contains a higher quantity of PLFA compared to W2, both variations seem to affect the concentrations of dissolved Hg
in numbers (W1 = 26; W2 = 20) and in total PLFA biomass and MeHg indirectly through related changes in DOC, sul-
(W1~ 27000 pmolgl; W2~ 17000 pmol g1). The num-  fur cycle, and microbial interaction and community struc-
ber of PLFA which are related to SRB is 6 for both ture whereas g and pH values, as well as concentration of
soils and the total biomass of these PLFA is approximatelydissolved Fe and Clseem to play subordinate roles in Hg
5000 pmol g* for both soils. As measured by the total PLFA mobilization and methylation under our experimental condi-
biomass, W1 contains 19% PLFA related to SRB whereadions.
W?2 contains 29 % PLFA related to SRB. This indicates that
SRB are more dominant at site W2. These values lead to the )
assumption that the relatively high Hg concentrations at the> Conclusions
W?2 site seem to have no direct toxic effect on SRB. . . "

The statistical relationships between:tand CI~ as well In our By experiment the In(DOC/Hy ratio is positively

T correlated to net MeHg production. This indicates that the
as between MeHg and Clare modest (Table 3) |nd|cat|ng In(DOC/Hg) ratio seems to play an important role for the

q—|g net methylation. Dissolved organic carbon itself can mo-
i . . ; . . bilize Hg and MeHg due to the formation of soluble com-
with Hg: and MeHg for binding sites of soil particles, which é)lexes. Mercury methylation also seems to be linked to the S

can reduce Hg adsorption onto soil particles and promot ) : ;
the release of Hg into the aquatic phase (Yin et al., 1997_chem|stry while the influence of Fe andGbn Hg methyla

: . : tion and speciation seems to be weak in our study. However,
Liu et al., 2009). This process probably occurred in our . -
. . . the methylation of Hg seems to be affected by the soil micro-
study. Moreover, the behavior of Hg in the soluble fraction | . . . .
; bial community. On the one hand, Hg methylation might be
can partly be affected by the formation of Hg-Cl-complexes, : - ; :
U . favored by reducing conditions through enhanced microbial
which is relevant at EagpHs >500mV (Davis, 1997). Un- o . -
- o : . activity such as SRB bacteria, as indicated by the presence of
der the mostly acidic pH conditions which occurred in the . .
. the respective PLFA biomarkers. On the other hand, reduc-
current study, the formation of partly water soluble HgCI . o ; : .
: ; . . ing conditions might lead to the formation of hardly available
as well as nearly water insoluble k@I, is possible (Davis, HaS what miaht contribute to a decrease of MeHd produc
1997; Ullrich et al., 2001). Generally, in solution [MeHg]CI 9 9 gp

is formed in the presence of CI(Skyllberg et al., 2003). tion. In con_clu3|on, fu.ture stud|.es on the fate of mercury in
o . o " wetland soils should include silty and clayey soil material

Thus, rising Hg and MeHg concentrations with increasing o o .

- , . o .~ and should focus on the specific role of the soil microbial
CI~ concentrations in our study might indicate the formation :

X . community structure.

of Hg-Cl compounds probably mostly under aerobic condi-
tions (Davis et al., 1997; Takeno, 2005). The weak relation-
ship between Rapns and CI~ reveals that Ct concentra-

tions are not decisively mf!uenced byE http://www.biogeosciences.net/9/493/2012/
In general, Fe(hydr)oxides are able to adsorb Hg to abg-9-493-2012-supp|ement odf
certain extent (Fernandez-Martinez et al., 2006; Liu et al., '

2009; Harris-Hellal et al.,, 2011). Moreover, Mehrotra

and Sedlak (2005) explained decreased mercury methylaacknowledgementsThe authors thank M. Braun, S. Czickus, and
tion in anoxic wetland slurries upon amendment of Fe(ll) C. Vandenhirtz for their technical assistance. Furthermore, we
by reduced availability of Hg for methylation due to the for- thank T. Labatzke and A. Becker (Analytik Jena AG) for their
mation of FeS which subsequently decreased the pool ofupportin mercury analysis.

bioavailable neutral mercury-sulfide species. Hollweg et

al. (2009) indicate that Hg interacts with inorganic sulfur lig- Edited by: S. Bouillon

ands in FeS complexes decreasing the bioavailability of Hg.

In the current study, both soils contain considerable amounts

of Fe (Table 1) and Fe(hydr)oxides should precipitate at high

En which is confirmed by the negative relationship between

Fe in the soluble fraction and{&pHs However, no evidence

can influence Hg speciation due to the competition of ClI

Supplementary material related to this
article is available online at:
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