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Environmental context. Volatile halogenated organic compounds (VOX) contribute to ozone depletion and
global warming. Here we demonstrate that acidic salt lake sediments in Western Australia contribute to the
global natural emission of these compounds and that the emissions are primarily of biotic origin. Elucidating
major sources and sinks of VOX is a key task in environmental chemistry because their formation and
degradation have major effects on atmospheric chemistry and thus earth climate.

Abstract. Volatile organohalogen compounds (VOX) are known environmental pollutants and contribute to strato-
spheric ozone depletion. Natural formation of VOX has been shown for many environments from the deep sea to forest

soils and Antarctica. Recently, we showed that VOX are emitted from pH-neutral salt lakes in Western Australia and that
they are mainly of biotic origin. To which extent this biotic organohalogen formation in salt lakes is pH-dependent and
whether VOX are also formed under acidic conditions are unknown. Therefore, we quantified VOX emissions from an

acidic salt lake in Western Australia (Lake Orr) in biotic and abiotic (g ray-irradiated) microcosm experiments under
controlled laboratory conditions. The experiments revealed that biotic halogenation processes also occurred under acidic
conditions (pH range 3.8–4.8), though the emissions were approximately one order of magnitude lower (nanogram per
kilogram dry sediment range) than from pH-neutral lake sediments. Among the detected substances were brominated,

e.g. tribromomethane, as well as chlorinated compounds (e.g. trichloromethane). The addition of lactate and acetate, and
ferrihydrite showed no stimulation of VOX formation in our microcosms. Hence, the stimulation of Fe-metabolising
microorganisms and their potential effect on the formation of reactive Fe species did not promote VOX emissions,

suggesting a direct enzymatic formation of the emitted compounds.
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Introduction

Until the 1970s, the formation and emissions of volatile halo-
genated organic compounds (VOX) were mainly quantified

with emphasis on anthropogenic sources.[1] Thereafter, first
studies indicated that there is also natural production of VOX
compounds.[2] Today, there is evidence of more than 5000
naturally produced VOX, with geogenic sources ranging from

biomass burning and volcanic activities, soils and sediments to
biotic sources such as marine algae, fungi, microorganisms and
insects.[3]

For the natural formation of VOX compounds in soils and
sediments, both biotic and abiotic processes have been sug-
gested to contribute to total emissions. Although some studies

provide experimental evidence for an abiotic formation pathway
by a ‘Fenton-like’ reaction,[4] others suggest direct biotic
formation by halogenating enzymes.[5] Different types of halo-

genating enzymes have been identified and the mechanisms by
which they form volatile halogenated hydrocarbons have been

intensively studied in the last years.[6–8] The abiotic ‘Fenton-
like’ reaction suggested that FeIII is reduced to FeII during the
oxidative degradation of organicmatter in soil in the presence of

a halide ion (e.g. Cl�). In a second step, the oxidised organic
compound is halogenated. Laboratory experiments using
catechol as a redox-sensitive aromatic model compound for
phenolic groups in humic substances, FeIII and a halide ion

confirmed this reaction pathway.[9] Moreover, it was shown that
the addition of hydrogen peroxide (H2O2) as a strong oxidising
agent increased the release of methyl halides from the set-ups by

more than 100%, supporting the suggested abiotic formation
pathway.[9] However, hydrogen peroxide is also relevant in the
enzymatic formation of VOX compounds by peroxidases

because these enzymes use, for example, chloride and H2O2

as substrates to form halogenated organic compounds.[10] For
forest soils, it has been shown that both, abiotic as well as

biotic processes, are involved in the formation of volatile
halogenated hydrocarbons.[11–15] Although the net emissions
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and the formation mechanisms of halogenated hydrocarbons

from forest soils have been extensively studied, emissions of
VOX compounds from saline environments have mainly been
quantified for the open ocean,[16–18] and to a lesser extent for

coastal areas or inland saline environments.[19,20] Considering
that high salt concentrations up to the solubility limit of, for
example, NaCl found in hypersaline lakes might promote high
rates of organic-matter halogenation, this is surprising.[21,22]

One of the first pieces of evidence for terrestrial chloro-
methane (CH3Cl) and bromomethane (CH3Br) emissions in the
presence of high salt concentrations was presented for coastal

salt marshes.[19] The authors found seasonal patterns, with
higher emissions during March to September and concluded
that plants and plant-associated microorganisms are the main

sources of VOX compounds in salt marsh environments.
Emissions from marshes reached up to 42 mmol m�2 day�1

(166 mg m�2 h�1) for CH3Br and up to 570 mmol m�2 day�1

(1199 mg m�2 h�1) for CH3Cl.
[19] The direct enzymatic forma-

tion of chloromethane and bromomethane might have been
caused by salt-marsh plants that express methyltransferases.[23]

Although salt marshes cover only 0.1% of the Earth’s surface,

they may produce up to 10% of the global annual fluxes of
CH3Cl and CH3Br.

[19] Hence, salt marshes may be, apart from
tropical rain forests, the largest natural terrestrial source of

chloromethane and bromomethane.[24] Very recently, signifi-
cant emissions of chloromethane and bromomethane have also
been reported for salt marshes in southern Texas, supporting that

subtropical salt marsh environments are important sources of
halogenated hydrocarbons.[25] However, it has to be considered
that there could be strong regional variations in the emissions of
VOX compounds from salt marshes and that the conclusions

drawn from the study byRhew et al.[19] are only rough estimates.
For comparison, emissions from salt marshes in Scotland were
lower, with a mean CH3Br emission of 250 ng m�2 h�1 whereas

the CH3Br fluxes reported for the marshes in California corre-
spond to an average emission flux of 4200 ng m�2 h�1.[26]

The authors also quantified chloromethane fluxes and the mean

CH3Cl emissions reached 662� 266 ng m�2 h�1 whereas the
emissions from Californian salt marsh ecosystems were up to
two orders ofmagnitude higher, reaching 51 100 ngm�2 h�1.[26]

Based on these data, the authors estimated that Scottish salt

marches contribute up to 3.2% to the annual global fluxes of
CH3Br and up to 0.33% to the CH3Cl emissions.[26] Because
removal of the plants from the soil plots stopped the emissions,

these studies confirm the importance of the biotic emissions of
methyl halides from salt marshes.[25,26] The idea that vegetation
plays a major role in the VOX emissions from salt marshes was

confirmed by the significantly higher emissions from salt
marshes in the tropics compared with the lower emissions from
salt marshes in Scotland, where the vegetative period is much

shorter and thus the potential for VOX formation was
lower.[26,27]

Apart from salt marshes, emissions of VOX have also been
described for pH-neutral hypersaline salt lake sediments. It was

shown that salt lake sediments from a field site in southern
Russia contribute to the global annual fluxes of C1 and C2

hydrocarbons.[20] Emissions were in the nanogram per gram

fresh-weight sediment range and highest emissions were found
for tetrachloroethene (C2Cl4) and trichloromethane (CHCl3).
The highest emissions from those sediments coincided with a

high activity of halophilic microorganisms and with high con-
centrations of dissolved iron. In particular, the latter observation
led to the conclusion that microbial Fe-redox transformations

might play a role in the formation of chlorinated hydrocarbons in

the investigated sediments. Because salt lakes are globally
distributed under semiarid and arid conditions, this study added
an important natural source to the known global natural orga-

nohalogen sources. A few years later, the organohalogen emis-
sions from salt lakes and salt-affected soils were investigated on
a broader scale by combining microcosm experiments and
remote sensing.[28] For an area of 15 000 km2 in the southern

Aral Sea basin, fluxes of 16 873 g day�1 in the cover area for
C2H2Cl2 (dichloroethene) were estimated. Recently, it was
shown that pH-neutral to alkaline hypersaline lake sediments

from Western Australia also contribute to the global emissions
of halogenated hydrocarbons and that biotic processes dominate
the emissions.[29] For forest soils, it is known that acidic

conditions stimulate the VOX emissions by a ‘Fenton-like’
reaction.[4,12,30] How far these abiotic reactions may also occur
in salt lakes and to what extent they contribute to the overall
emissions from acidic salt lake sediments is currently unknown.

This is of particular interest for Western Australian salt lakes
because many of them are acidic, reaching pH values as low as
3.[21,31] Therefore, the goals of the present study were (i) to

quantify and identify organohalogen emissions from acidic salt
lake sediments in Western Australia; (ii) to quantify the biotic
and abiotic contribution to the overall emissions; and (iii) to

determine to what extent the VOX formation is dependent on
organic carbon availability, the presence of Fe and the formation
of hydroxyl radicals.

Materials and methods

Field site and sampling procedure

Sediment samples were taken from Lake Orr (338801.5100S
11989047.1400E), a hypersaline, moderately acidic and carbon-

poor lake in Western Australia in April 2012. The sampling site
is located within the Western Australian wheat belt, with an
average rainfall of 363 mm year�1,[32] and is characterised by a

high number of salt lakes with varying geochemical conditions
(Fig. 1). Three different sediment horizons could be distin-
guished visually. A whitish salt crust (0–2 cm), a dark, blackish
layer (2–8 cm) and a brighter greyish layer (.8 cm). For geo-

chemical analyses, six sediment cores (30 cm length) ranging
from the top layer to the deepest layer were taken. Before pulling
the cores from the sediment, the top was closed with a butyl

rubber stopper. After extraction from the sediment, the bottom
of the tube was closed with a stopper as well. For the microcosm
experiments, we additionally took bulk material from all three

depth zones. Samples were immediately cooled, transported at
8 8C to the laboratory and stored for ,10 days at 8 8C until
further analysis and the start of the incubation experiments.

Set-up of sediment microcosm experiments

Emissions of volatile organohalogens from the sediments were
quantified in microcosm experiments using sediments from the
three distinguishable depth zones. Microcosms were set up in

triplicates in 20-mL gas chromatography (GC) vials, each filled
with 3.5 g of field-fresh sediment and 8.5 mL of incubation
solution and closed with PTFE (polytetrafluorethylene) silicone

septa. The incubation solution was an NaCl solution of varying
concentrations, corresponding to the different salt concentra-
tionsmeasured in water extracts. These pore water extracts were

obtained by suspending 1 g of dried, powdered sediment in
20 mL of deionised H2O in a 50-mL centrifuge tube, followed
by shaking for 24 h at 150 rpm on a horizontal shaker.
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Subsequently, samples were centrifuged for 5 min at 3750g at
room temperature. The supernatant was diluted 1 : 20 in deio-
nised water and filtered through a cellulose ester filter with a
pore size of 0.45 mm. Major ions were quantified using ion

chromatography.[29] Based on the analyses of these extracts,
concentrations of Cl� ranged from 127 g L�1 in the incubations
with sediment from the top 2 cm to 58 g L�1 in set-ups with

sediments from.8 cm. Although chloride was the predominant
halide ion quantified in pore waters, bromide was identified as
well. Sediment microcosms were prepared and incubated under

oxic conditions on a horizontal shaker at 25 rpm for 60min, 24 h
or 72 h at 30 8C in the dark. Temperature measurements at the
field site in southern Western Australia demonstrated that 30 8C
is representative for the sediment temperatures within the salt
lakes.[32] Several additives were used to study their effects on
VOX emissions from the microcosms: (i) 10 mM H2O2;
(ii) 2.5 mM catechol; (iii) 10 mM H2O2 þ 2.5 mM catechol;

(iv) 425 mL of a 500mM ferrihydrite suspension; (v) 100 mL of a
stock solution containing 500 mM each of sodium lactate and
sodium acetate; (vi) both ferrihydriteþ lactate and acetate; and

(vii) sterilised set-ups. Sterilisation was achieved by gamma-
irradiation at 35 kGy (Beta-Gamma-Service (BGS), Wiehl,
Germany). Volatile halogenated organic compounds were

quantified in the headspace using a Trace GC Ultra coupled to a
DSQII single-quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA) at the University of Duisburg-Essen.

GC-MS instrumental parameters and ITEX method

VOX were quantified in the headspace using a Trace GC Ultra
coupled to a DSQ II single-quadrupole mass spectrometer
(Thermo Fisher Scientific). Details of the GC-MS used and the

In-Tube Extraction (ITEX) were described in 2010.[33] For our
analyses, the injection temperature was set to 200 8C and the

cryotrap was cooled to �165 8C with a hold–transfer time of
2 min and a constant column flow of 1.5 mL min�1 He (Air
Liquide, Oberhausen, Germany). Compound separation was
performed on a Rtx-VMS column, 60 m, 0.32-mm inner dia-

meter and 1.8-mm film thickness (Restek GmbH, Bad Homburg,
Germany). The GC oven start temperature was set to 40 8C for
2min and then heated up to 200 8C at 10 8Cmin�1 andwith a hold

time of 5 min. The ion source temperature was 200 8C and the
mass spectrometer (MS) was operated in full scan mode with
5.7 scans s�1 and a mass range m/z from 45 to 200. The Combi-

PAL autosampler (CTC Analytics, Zwingen, Switzerland) con-
taining the sampleswas kept at 6 8C. Before analysis, each sample
was kept for 15 min at 60 8C. Fifty extraction strokes with an

aspirating and dispensing volume of 1 mLwere performed with a
flow rate of 100 mL s�1. The ITEX trap temperature was 30 8C
and the syringe was heated to 60 8C to avoid condensation of
water. Desorption temperature was 300 8C with a desorption

flow of 50 mL s�1 and a total injection volume of 200 mL.

Geochemical sediment analysis, standard preparation
and data analysis

For pH measurements, 10 g of air-dried sediment were
suspended in 25 mL of a 0.01 M CaCl2 solution and pH was
measured after 2 h. Total organic carbon was determined from

milled sediment samples that were dried at 60 8C until constant
mass was reached using an Elementar Vario EL element ana-
lyser. Soluble organic carbon was analysed in artificial pore

water as described earlier.[22,29] Concentrations of the identified
halogenated hydrocarbons were calculated from a standard
calibration curve using the EPA 624 standard calibration mix
(100 mg mL�1 of each component in methanol) as well as

trichloromethane and chloromethane, which were purchased
from Sigma–Aldrich. Standards were prepared in 20-mL GC

(a)

500 km

Perth
Lake Orr

(b)

(c)

Fig. 1. Location of the field site in Western Australia. Photograph of the sampling site (Lake Orr) and sampling

strategy. (a) Map of Western Australia showing the location of Lake Orr; (b) sampling strategy for the sediment

cores; and (c) photograph of the field site.
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headspace vials in 10 mL of incubation solution. Final con-
centrations ranged from 1 to 1000 ng L�1.

All other used substances and solutionswere set up in reagent
water from an analytical water purification system (Merck
Milllipore, Darmstadt, Germany). The ferrihydrite mineral

suspension was prepared as described earlier.[34,35] Student’s
t-test was applied to determine if differences between experi-
mental set-ups were significant.

Results

Geochemical sediment characterisation

The three visually distinguishable sediment zones varied con-

siderably regarding their geochemistry. Table 1 gives an over-
view of the geochemical properties of Lake Orr sediments.
Concentrations of soluble organic carbon increased with
increasing sediment depth and ranged from1.7mgL�1 in the top

layer (salt crust) to 9.6 mg L�1 in the layer.8 cm. Total organic
carbon (TOC), similarly to soluble organic carbon, increased
with increasing sediment depths. However, because the highest

TOC concentrations were only 0.8%, the sediment investigated
can be considered as carbon-poor. The pH of the sediments was
acidic to slightly acidic and was lowest in the top 2 cm of the

sediment profile (3.8). The dark, blackish zone from 2 to 8 cm
had a pH of 4.5. The pH was 4.8 in sediments.8 cm. Sediment
water content showed the same trend and increased from 11.4%
in the salt crust to 46.4% in the layer .8 cm. The relative

amount of Fe (%) was quantified by X-ray fluorescence (XRF)
and increased from the top layer (0.2 wt-%) to the deepest
sediment layer (2.4wt-%). Concentrations of chlorine in percent

decreased with increasing sediment depth.

Organohalogen formation in Lake Orr sediments

Our experiments demonstrated that acidic Lake Orr sediments
are a natural source of volatile halogenated hydrocarbons.
Among the detected substances were chlorinated, e.g. tri-

chloromethane, as well as brominated compounds, such as
bromomethane and tribromomethane (Fig. 2). Generally, the
emissions were higher in the deeper sediment zones that were
rich in carbon in comparison with the carbon-poor, halide-rich

top layer (salt crust) from 0 to 2 cm (Fig. 2a, c, d, f). The only
exception is trichloromethane, for which the highest emissions
were found in the salt crust after 60 min of incubation (Fig. 2e).

However, with increasing incubation time, the importance of the
deeper, carbon-richer sediments also became evident for tri-
chloromethane (Fig. 2c).

Dependence of organohalogen formation in Lake Orr
sediments on catechol and H2O2

The addition of catechol to sediments from all three layers led to
a slight increase in trichloromethane emissions after 72 h of

incubation (Fig. 2a). The effect was strongest in the sediment
depth zone .8 cm where the emissions increased from

67.8� 15.9 to 93.8� 10.1 ng kg�1 dry sediment. Although a
stimulation ofVOX emission by catechol additionwas found for
all sediment zones, statistical analysis revealed that the differ-

ences between the set-ups with and without catechol were not
significant.

In addition to determining the effect of catechol, we quanti-

fied trichloromethane formation after H2O2 addition and after
addition of a combination of catechol and H2O2. Although the
addition of H2O2 as a strong oxidising agent had only little effect

on VOX emission from the deeper, halide-poorer sediment
zones after 72 h of incubation in the dark, H2O2 addition showed
a very strong promoting effect on CHCl3 emission from the zone
from 0 to 2 cm (salt crust), which was found to be statistically

significant (P, 0.001) (Fig. 2b). In this layer, the CHCl3
emission increased from 8.7� 2.3 ng kg�1 dry sediment in the
set-ups without H2O2 addition to 923.0� 123.4 ng kg�1 dry

sediment in the presence of H2O2. Although VOX emissions
from the salt crust were very low without any amendments, this
layer seems to have a high halogenation potential. The addition

of both H2O2 and catechol had only a weak promoting effect on
the trichloromethane emissions from the sediment zones from 2
to 8 cm and.8 cm (Fig. 2c). However, the addition of H2O2 and
catechol led to a statistically significant increase in the trichloro-

methane emissions from the salt crust (P, 0.01). Emissions
increased from 8.7� 2.3 ng kg�1 dry sediment in the set-up
without any amendments to 22.9� 3.5 ng kg�1 dry sediment in

the set-ups with H2O2 and catechol (Fig. 2c).

Dependence of organohalogen formation in Lake Orr
sediments on ferrihydrite and lactate and acetate

Set-ups amended with lactate and acetate in combination with
ferrihydrite were prepared to evaluate the potential stimulation
of microbial activity in general (by addition of easily available

carbon) and particularly by stimulation of Fe-metabolising
microorganisms. However, in all set-ups tested, we did not see
any stimulation or inhibition of the emissions of organohalogen
compounds. Regardless of the depth zone, no clear effect could

be observed for bromomethane emissions from Lake Orr sedi-
ments after the addition of ferrihydrite in combination with
lactate and acetate (Fig. 3a). Similar results were observed for

tribromomethane (Fig. 3b). The results for trichloromethane
looked slightly different and after 24 and 72 h of incubation, an
increase in the emissions was observed (Fig. 3c) After 24 h of

incubation, emissions for set-ups without any amendments were
5.3� 1.9 ng kg�1 dry sediment, whereas emissions for the set-
up with both ferrihydrite and lactate–acetate reached

10.1� 2.7 ng kg�1 dry sediment and thus were almost twice as
high (Fig. 3c).

Table 1. Geochemical characterisation of Lake Orr sediments

Dissolved organic carbon (DOC)was quantified in a sediment eluate by aHigh TOCElementar instrument (modified fromEmmerich et al.[22]). Error gives the

range of duplicatemeasurements. pHwasmeasured in 0.01MCaCl2 after 2 h.Water content: sample dried at 105 8Cuntil constantmass has been reached. Total

Fe and Cl: weight-% of dry sediment quantified by X-ray fluorescence (XRF). Corg: weight-% quantified by a C/N analyser using a HCl-titrated sample

(modified from Emmerich et al. 2012). Error gives the range of triplicate measurements

Sediment depth (cm) DOC (mg L�1) pH Water content (%) Total Fe (%) Cl (%) Corg (%)

0–2 1.7� 0.1 3.8 11.4 0.2 27.8 0.1� 0.0

2–8 2.2� 0.0 4.5 29.9 2.0 4.5 0.4� 0.0

.8 9.6� 0.2 4.8 46.4 2.4 8.3 0.8� 0.0
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Biotic v. abiotic organohalogen formation
in Lake Orr sediments

To distinguish the contribution of biotic v. abiotic VOX for-
mation, sterilisation using gamma-irradiation was performed
for the sediment zones from 2 to 8 cm and.8 cm because these

zones showed generally higher emissions than the top sediment
zone from 0 to 2 cm (salt crust). A clear effect of sterilisation on
VOX emissions was observed for several halogenated com-

pounds. Although the microbial active sediments from 2 to 8 cm
and .8 cm depth emitted 139.3� 37.5 and 93.9� 6.0 ng kg�1

dry sediment tribromomethane (CHBr3) respectively, the

concentrations of released CHBr3 were below the detection

limit for the sterilised set-ups (Fig. 2d), indicating a strong
biotic contribution to CHBr3 formation in the sediments. The
results for trichloromethane and bromomethane showed the

same trend, with a clear decrease in the emissions in the ster-
ilised set-ups in comparison with the biotically active ones
(Fig. 2e, f). Trichloromethane emissions from the sediment
depth zone from 2 to 8 cm were significantly reduced from

24.0� 13.5 ng kg�1 in the biotic set-ups to 1.5� 2.6 ng kg�1

dry sediment in the gamma-irradiated set-ups (P, 0.05)
(Fig. 2e). Emissions of trichloromethane from the depth zone
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Fig. 2. The effect of H2O2, catechol, H2O2 plus catechol, and g-irradiation on organohalogen emissions from Lake Orr sediments at different

time intervals. (a) Effect of 2.5mMcatechol on trichloromethane emissions fromLake Orr sediments after 72 h of incubation; (b) effect of 10mM

H2O2 on trichloromethane emissions from Lake Orr sediments after 72 h; (c) effect of 10 mM H2O2 and 2.5 mM catechol on trichloromethane

emissions from Lake Orr sediments after 72 h; (d–f) effect of g-irradiation on volatile halogenated organic compound (VOX) emissions from

Lake Orr sediments after 60 min of incubation. Biotic refers to untreated, biotically active sediments. Error bars indicate standard deviations

from triplicate measurements, n.a. means no amendments and b.d.l. means below detection limit.
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.8 cm decreased from 10.1� 8.6 to 0.8� 1.4 ng kg�1, though

the differences were, owing to the large standard deviations,
statistically not significant (Fig. 2e). Bromomethane emissions
for the zone from 2 to 8 cm were reduced from 57.4� 44.0 to
9.1� 1.3 ng kg�1 dry sediment. For the depth zone .8 cm,

emissions of bromomethane decreased from 89.6� 8.1 to
25.1� 11.5 ng kg�1 dry sediment (Fig. 2f ).

Discussion

Role of biotic processes in VOX emissions
from salt lake sediments

Our study suggests that Western Australian acidic salt lake
sediments are a potential source of chlorinated as well as

brominated hydrocarbons found in the atmosphere. However, it

has to be considered that conclusions regarding global emissions
cannot simply be drawn from our laboratory incubation
experiments. This would require additional on-site flux mea-

surements. Highest emissions from our laboratory experiments
were found from the biotic and thus microbiologically active
set-ups, thus confirming the importance of biotic processes in
the formation of VOX compounds in salt lake sediments.

Although g-irradiation stopped the emission of CHBr3 (tri-
bromomethane) in the depth zone from 2 to 8 as well as.8 cm
completely (Fig. 2d), CHCl3 (trichloromethane) and CH3Br

(bromomethane) could still be detected in the sterilised set-ups
(Fig. 2e, f) although their overall extent was strongly reduced:
g-irradiation reduced the chloroform emissions by 93.7% in the

zone from 2 to 8 cm and by 91.8% in the depth zone.8 cm after
60 min of incubation (Fig. 2e). Effects on bromomethane for-
mation were slightly weaker and reduced the emissions by
84.4% in the zone from 2 to 8 cm and 36.6% in the sediment

.8 cm (Fig. 2f). Although g-irradiation is a widely used ster-
ilisation technique in environmental microbiology, it alters the
physicochemical properties of the sediment, which may affect

VOX emissions.[36] Owing to the destruction and subsequent
new formation of aggregates by g-radiation,[37] new sorption
sites may form. Hence, VOX previously stabilised within the

sediments might be released into the atmosphere during
the radiation process, thus contributing to a minor extent to the
observed later decrease in the emissions in the sterilised

experimental set-ups compared with the biotic set-ups. Never-
theless, compared with other sterilisation techniques such
as autoclaving, the alteration of the physicochemical properties
of the sediments is probably significantly lower or even

negligible.[37] Overall, our data confirmed the suitability of
g-irradiation as a sterilisation technique in sediment microcosm
experiments and suggests that g-irradiation can be used to dis-

tinguish between abiotic and biotic processes in the sediment.
Our findings are comparable with the emissions of chlorinated

hydrocarbons from a pH-neutral salt lake in Western Australia,

which were also primarily of biotic origin.[29] Generally, the
emissions from acidic Lake Orr were one order of magnitude
lower than the emissions from pH-neutral Lake Strawbridge and
also lower than emissions from pH-neutral to alkaline salt lakes

in southern Russia.[20] Because biotic processes are obviously
the main source of VOX at the two pH-neutral and acidic
Australian field sites, the lower emissions at Lake Orr may

among other factors be explained by a lower microbial diversity
under acidic conditions compared with pH-neutral environ-
ments.[38] Although the net emissions from acidic Lake Orr

sediments are one order of magnitude lower than from Lake
Strawbridge, concentrations found in our microcosm experi-
ments are above the atmospheric background concentrations for

all detected halogenated hydrocarbons.[39–43] This emphasises
the importance of salt lakes and their sediments in the global
budgets of halogenated hydrocarbons. Particularly as atmo-
spheric concentrations of many halogenated hydrocarbons

(e.g. bromomethane) are decreasing as a result of the 1987
Montreal Protocol, the identification of new natural sources and
the quantification of their individual contribution to the global

budgets are of importance.

Effects of H2O2, catechol and ferrihydrite plus lactate
and acetate on VOX emissions

In 2000, the importance of Fe in the formation of methyl halides
from a temperate forest soil was shown for the first time.[12]
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The authors suggested that organic material is oxidatively

degraded with FeIII as electron acceptor in the presence of halide
ions. In a second step, the oxidised organic material is halo-
genated. Whether and to what extent Fe-metabolising micro-

organisms may stimulate this reaction by the formation of
reactive iron species or by microorganisms that use natural
organic matter (NOM) as electron acceptor and form NOM
radicals is currently unknown. In order to quantify the effects

of Fe on VOX emissions at our field site, we set up microcosm
experiments and amended them with 425 mL of a 500 mM fer-
rihydrite suspension and 100 mL of a 500 mM stock solution

containing lactate and acetate as an easily accessible carbon
source. Depending on the TOC present in the respective sedi-
ment layer, the amount of added lactate and acetate added cor-

responded to 10–46% carbon of the TOC already present in the
sediments. The added amount of ferrihydrite corresponded to
32–62% of the total Fe initially quantified in the different
sediment zones. With the concentrations of amended ferri-

hydrite and organics used in our experiments, we did not observe
a stimulating effect of the ferrihydrite and lactate and acetate
additions on the emissions of bromomethane or bromoform

(Fig. 3a, b). These results suggest that a ‘Fenton-like’ reaction or
the activity of Fe- and humic substance-metabolising micro-
organisms may not be major contributors to the emissions of

CH3Br and CHBr3 at the field site investigated here. Thus, an
enzymatic formation by methyltransferases (methylbromide)
and bromoperoxidases (bromoform) seems to be conceivable.

This is in line with results from a pH-neutral hypersaline lake
from the same area in Western Australia.[29] The results for
chloroform were slightly different and a weak stimulation of the
CHCl3 emissions was observed with prolonged incubation time

(after 24 and 72 h), suggesting that Fe plays a minor role in the
chloroform emissions from the field site (Fig. 3c). However, it
remains to be elucidated whether this promoting effect is due to

a ‘Fenton-like’ reaction or whether Fe stimulates the formation
of halogenated hydrocarbons by other, yet unknown, mechan-
isms as was suggested for Russian salt lake sediments.[20]

The addition of ferrihydrite as potential electron acceptor in
combinationwith lactate and acetate as additional carbon source
was intended to stimulate microbial activity in our micro-
cosms[44] and thus potentially the biotic formation of halogena-

ted hydrocarbons in the microcosms. However, the addition of
catechol and H2O2 may promote both, the abiotic as well as the
enzymatic formation of VOX compounds.[9,17] Catechol has

previously been used as a model compound for phenolic groups
in humic substances promoting the formation of vinyl chlo-
ride.[9] Owing to its redox activity, it may leverage the formation

of OH radicals during its oxidation and simultaneous reduction
of FeIII to FeII, which may again stimulate the formation of
volatile organohalogen compounds and their precursors.[9] Our

experiments showed a stimulating effect of catechol on the
chloroform emissions from all sediment depth zones after 3 days
of incubation (Fig. 2a). This is probably due to the chemical
reactivity of catechol as mentioned before, and confirms the

promoting effect of catechol on VOX formation.
The effects of H2O2 on the emissions of VOX compounds

have been reported repeatedly for temperate forest soils and

confirm the importance of a ‘Fenton-like’ formation of halo-
genated hydrocarbons in forest soil samples.[4,9] Although the
formation of H2O2 has mainly been shown to happen photo-

chemically with subsequent transportation to soils by precipi-
tation,[45] recently, a mechanism that shows the formation of
H2O2 in the dark by the oxidation of reduced humics by oxygen

has been postulated.[46] This suggests that H2O2 may also be

formed in Lake Orr subsurface sediments. The strongest effect
of the H2O2 addition was found in the salt crust, with an increase
from 8.7� 2.3 ng kg�1 dry sediment without H2O2 to

923.0� 123.4 ng kg�1 dry sediment in the set-up amended with
H2O2 after 72 h of incubation. Although the effects were not
statistically significant for the other sediment depth zones,
slightly elevated VOX emission after H2O2 addition were also

observed for these sediments. Despite the fact that the overall
emissions from the salt crust in the set-ups without any amend-
ments were the lowest, these results suggest that the halogena-

tion potential of the salt crust is very high. This is highly
probable as the highest chlorine concentrations were also found
in this layer. However, it cannot be ruled out that the newly

formed VOX compounds from the depth zones .2 cm are
degraded faster than those in the salt crust,[47–49] explaining to
some extent the differences between the salt crust and the other
sediment depth zones.

The simultaneous addition of catechol and H2O2 stimulated
chloroform emissions from the salt crust and the layer .8 cm
to a lesser extent when compared with the set-ups that were

amended with only H2O2 or catechol. The VOX emissions from
the zone between 2 and 8 cm were not affected by the simulta-
neous addition of H2O2 and catechol when compared with the

set-ups without any amendments. This might be caused by
the oxidation of catechol to o-quinone by H2O2 rather than by
the weaker oxidant FeIII. Thus the next step, namely the forma-

tion of OH radicals by a ‘Fenton-like’ reaction between FeII and
H2O2 as described, for example, by Keppler et al. cannot take
place,[9] because the H2O2 has already reacted with catechol and
thus no FeII is formed, which is one of the prerequisites for the

abiotic ‘Fenton-like’ VOX formation.

Environmental implications and conclusions

Our study showed for the first time that acidic salt lakes and their
sediments potentially contribute to the global emissions of
important halogenated hydrocarbons such as bromomethane

(CH3Br), tribromomethane (CHBr3) and trichloromethane
(CHCl3) to the atmosphere, and that the compounds formed
are mainly of biotic origin. Compared with pH-neutral salt lakes
from the same area in the Western Australian wheat belt, the

emissions were one order of magnitude lower and were in the
nanogram per kilogram dry sediment range, suggesting that
pH-neutral hypersaline lakes are more important in the global

VOX budgets than acidic hypersaline lakes. As reported before,
,37%of the studied salt lakes in the area of Esperance (Western
Australia) are acidic to strongly acidic and therefore most of the

salt lakes (63%) in this area are pH-neutral to alkaline,[21] and
may act as a potential important source of VOX compounds to
the atmosphere. The predominance of pH-neutral and alkaline

lakes in our study area in Western Australia has recently been
empirically verified, although the geochemistry of most ana-
lysed salt lakes was very diverse and pH values were as low as
4.2.[31] Although our data suggest that acidic salt lake sediments

have a lower effect on the global VOX emissions in comparison
with pH-neutral or alkaline salt lake sediments, increasing
salinisation under arid conditions, the acidification of existing

salt lakes and the progressive transition of freshwater to saline
lakes may further affect the global budgets of VOX com-
pounds.[21,50–52] This is of particular importance because fresh-

water lakes seem to act as a sink for halogenated hydrocarbons
whereas salt lakes and their sediments are a net source of VOX
compounds.[53] In Western Australia, for example, 80% of all
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lakes are salt lakes,[21,54] potentially emitting halogenated

hydrocarbons. Thus, primary natural salinisation and secondary
or anthropogenic salinisation are of major concern in Western
Australia, particularly in the Western Australian wheat

belt.[52,55] In the future, areas undergoing salinisation will
increase;[56] thus, potentially more VOX will be emitted to the
atmosphere. For the Western Australian wheat belt, detailed
models on the future progression of salinisation have been put

forward. These models assume that 33% of the land in this area
will suffer from salinisation by 2050.[57] The proportion of
affected wetlands and thus the transition from freshwater to salt

lakes will be much higher, because water bodies contribute only
to a minor part to the land-cover in Western Australia.[55]

Therefore, a thorough quantification ofVOXemissions from salt

lakes is of importance, because these environments will con-
tinuously expand in the next decades and thus their contribution
to the global budgets of halogenated hydrocarbons will increase.

Hence,more studies are needed that quantify the contribution

of salt lakes to the global budgets of relevant halogenated
hydrocarbons such as chloroform, bromoform and bromo-
methane. Particularly interesting would be to not only study

water bodies and sediments, but also the emissions and fluxes
from halophytic vegetation surrounding the salt lakes in flux-
chamber experiments. It was shown, for example for salt-marsh

vegetation, that the emissions from halophytic plants were up to
10 times higher than the emissions from the surrounding sedi-
ments. This suggests that not only saline and hypersaline

sediments but also halophytic plants emit high concentrations
of methyl halides such as chloromethane and bromo-
methane.[26,58] Very recently, seagrass meadows have been
shown to emit significant amounts of bromomethane (CH3Br),

chloromethane (CH3Cl), iodomethane (CH3I) and bromoform
(CHBr3), supporting the fact that not only oceans,[59] salt lakes
sediments[29] and salt marshes,[19] but also seagrass meadows

contribute to the global emissions of halogenated hydrocarbons
from saline environments.[60,61]
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