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Abstract

Peatlands are one of the largest active terrestrial reservoirs of halogens. Formation
of organo-halogens is a key process for the retention of halogens by organic matter
and halogen enrichment in peat is strongly influenced by climatically controlled humi-
fication processes. However, little is known about release and transport of halogens5

in peat bogs. In this study we investigated the release of halogens from peat in three
peat bogs located in the Magellanic Moorlands, southern Chile. Peat porewaters were
collected using a sipping technique, which allows in situ sampling down to a depth of
more than 6 m. Halogens and halogen species in porewater were determined by ion-
chromatography (IC) (chlorine) and IC-ICP-MS (bromine and iodine). Results show10

that halogen concentrations in porewater are 15–30 times higher than in rainwater
suggesting that their release from peat during diagenesis is the major source of halo-
gens in porewater. Mean concentrations of chlorine, bromine and iodine in porewater
were 7–15 mg l−1, 56–123µg l−1, and 10–20µg l−1, which correspond to mean propor-
tions of 10–15%, 1–2.3% and 0.5–2.2% of total concentrations in peat, respectively.15

Organo-bromine and organoiodine were predominant in porewaters, whereas the re-
lease of organo-chlorine compounds from peat appears to be of minor importance.
Results show that the release of bromine and iodine from peat depend on the degree
of peat degradation, whereas this relationship is weak for chlorine. Relatively higher
release of bromine and iodine was observed in less degraded peat sections, where20

the release of dissolved organic carbon (DOC) was also the most intensive. Here,
proportions of released iodine and bromine follow proportions of released dissolved or-
ganic matter (DOM) indicating that the release of halogenated DOM is the predominant
process of iodine and bromine release from peat.
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1. Introduction

For a long time halogens were seen to behave mostly conservative in the soil and
aquatic environment. Today halogens are known to be involved in a large number of
biogeochemical processes related to the transformation of organic matter and some
of these processes are basic for the understanding of the biogeochemical cycling of5

halogens. Natural formation of organohalogens in nearly all aquatic and terrestrial en-
vironments is widely accepted to be a key process of the retention and enrichment
of halogens in soils (Öberg, 2002) and peatlands (Keppler and Biester, 2003; Biester
et al., 2004). Enzymatic processes such as haloperoxidases and halogenases are
thought to be the major source of natural halogenated organic compounds in the envi-10

ronment (e.g. Shaw and Hager, 1959; Gribble, 2003; Van Pée and Unversucht, 2003).
Most recent studies on the behavior of halogens in the soil environment are focused
on chlorine and much less is known about the fate of bromine and iodine. Studies
on the dynamics of iodine and bromine in soils indicate that both elements form sta-
ble organohalogen compounds through interaction with humic substances (Whitehead,15

1984; Yuita, 1994) and laboratory studies have also shown that iodine in seepage wa-
ter from soils and in brown waters from bogs is preferentially bound to humic acids
(Rädlinger and Heumann, 2000).

Ombrotrophic peat bogs, which receive all elements exclusively through atmospheric
deposition, are widely used as environmental archives. Being solely built up by organic20

matter, they are ideal natural laboratories to study the role of organic matter transfor-
mation processes in the biogeochemical cycling of halogens. Data on halogens in peat
are still limited to a small number of studies (Maw and Kempton, 1982; Shotyk, 1997;
Silk et al., 1997; Chagué-Goff and Fyfe, 1996; Keppler and Biester, 2003; Biester et
al., 2004).25

Some recent studies have shown that formation of organohalogens is the major pro-
cess of halogen retention by peat (Silk et al., 1997; Keppler and Biester, 2003, Biester
et al., 2004). For example, Keppler et al. (2004) demonstrated that peat has a large
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capacity to retain atmospheric iodine through formation of organoiodine and that mires
and bogs are major terrestrial sinks for iodine. Moreover, concentrations of organically
bound halogens in peat strongly depend on the degree of peat decomposition (Biester
et al., 2004). In this context it was found that highest halogen concentrations in peat
were correlated with relatively dry periods, when bog wetness is lower and peat de-5

composition is high. Thus, historical records of halogen concentrations in peat bogs
do reflect changes in peat decomposition, rather than changes in atmospheric fluxes.

Besides investigations on changes of halogen concentrations or accumulation rates
in peat bogs the release of halogens from peat to peat porewater during diagenesis of
the organic matter is of major interest to estimate halogens fluxes from peatlands into10

rivers and streams. Many porewater investigations in peat bogs were carried out using
in situ diffusion equilibrium samplers (peepers) (e.g. Bendell-Young and Pick, 1997;
Steinmann and Shotyk, 1997). The idea that porewater in bogs reflects the release
of solutes from surrounding peat is based on the assumption that water does not flow
through the deeper parts of peat bogs because the hydraulic conductivity of many peats15

is too low (Ingram, 1982). Other studies have shown that climate fluctuations of short
duration may temporarily reverse the vertical direction of fluid flow through the peat,
although this has little effect on porewater chemistry (Romanowicz et al., 1993). On
the other hand, longer periods (3–5 years) of droughts can produce significant changes
in porewater chemistry (Siegel et al., 1995).20

Only a small number of studies have focused on the fate of halogen in peat bogs.
Shotyk (1997) has investigated halogens in peat and porewater in two bogs in Scotland
and concluded that chlorine is conservative in bogs, whereas bromine is not. However,
these investigations were focused on inorganic halogen species and did not consider
organohalogen compounds in porewater or the role of dissolved organic matter re-25

leased from peat.
Processes of halogen release from organic substrates have been mainly investigated

in context with techniques to clean up groundwater contaminated with chlorinated or-
ganic solvents or other specific pollutants and only little is known about dechlorination
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of natural formed organohalogens. Laboratory studies have shown that dehalogena-
tion can occur under aerobic and anaerobic conditions and that halogens are cleaved
enzymatically from the organic substrate. An overview on dechlorination processes
can be found in Winterton (2000) and in Van Pée and Unversucht (2003). However,
natural processes of formation and dehalogenation of organobromine and organoio-5

dine compounds in peat bogs are mostly unknown.
As a first step to understand the fate of halogens in peat bogs we investigated the

distribution and speciation of halogens in porewater of three peat bogs located in the
Magellanic Moorlands, Chile. Based on data of peat decomposition obtained in previ-
ous studies we investigated to which extend the release of halogens from peat depends10

on the degree of peat humification or the release of dissolved organic matter (DOM).

2. Methods and materials

2.1. Sampling locations

Porewater samples were collected from three ombrotrophic bogs (GC1, SKY and PBR)
located in different climatic zones of the Magellanic Moorlands, southernmost Chile15

(Fig. 1). The GC1 bog is a cushion plant bog, which is typical for the super-humid area
(S 52◦47.443′/W 72◦56.616′). The bog is characterized by intense atmospheric deposi-
tion of sea-salt aerosols due to the high precipitation rates in this area (>6000 mm yr−1)
(Schneider et al., 2003). SKY is a raised bog located in the transition zone between
the extremely humid zone of the Magellanic Moorlands and the dry Pampa grasslands20

(precipitation rates <500 mm yr−1) (S 52◦30.668′/W 72◦07.505′). Precipitation rates at
the SKY location (1000–1500 mm yr−1) are much lower than at the GC1 location and
previous studies on peat humification have shown periodically dry falling of the bog’s
surface (Biester et al., 2003). The PBR bog is a typical raised Sphagnum bog located
on Peninsula Brunswick at the Strait of Magellan (S 53◦38.281′/W 70◦58.029′). One or25

more tephra layers were found in all three bogs, which could be assigned to different
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eruptions of the volcanoes Mt. Burney, Hudson and Reclus, all located in the southern
Andes (Kilian et al., 2003). A detailed discussion of the ombrotrophic nature of the
bogs and geochemical characteristics of the peat is given elsewhere (Biester et al.,
2003).

2.2. Sampling of porewaters5

Porewaters in peat bogs are usually collected by means of in situ diffusion equilibrium
samplers (peepers), which allow collection of interstitial waters. In other studies sipper
techniques have been proposed to collect porewater from peat (Romanowicz et al.,
1993). In our study we used a self-constructed device, which allows porewater sam-
pling down to a depth of >6 m by sipping. The device consists of a sampling head and10

extension rods all made of aluminium (Fig. 2). The sampling head contains an inter-
mediate perforated (Ø 1–5 mm) Teflon ring, which allows lateral inflow of surrounding
porewaters. The porewater flowing into the sampling head is collected into a 50 ml
polypropylene centrifuge tube (Fig. 2). All parts inside the sampling head, which come
in contact with inflowing porewater, are made of Teflon or polypropylene. The perfo-15

rated Teflon ring can be closed or opened by a movable steel ring, which is connected
to a threaded bar inside the extension rods. The openings in the sampling head can
be opened or closed from the bog surface by turning the threaded bar by means of
a crank handle (Fig. 2). After the head has been positioned at the required sampling
depth the inlet is opened and porewaters are allowed to flow into the centrifuge tube for20

5–30 min. The openings are then closed and the sampler is pulled out. The threaded
bar is connected to a silicon plug which seals the sample tube when the sampling head
is closed. The tube was removed from the sampling head and closed. Yields of pore-
water varied between 10 and 50 ml depending on porewater flow, which was lowest in
deeper bog sections. Porewater samples were taken in 15 cm depth increments. The25

holes for porewater sampling were located about 20 cm next to the holes where the
peat cores were extracted. Porewater samples were filtered (0.2µm) and stored cold
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(4◦C) until analyses.

2.3. Determination of halogens and dissolved organic carbon in rain and porewater

Total chloride in porewater and rainwater was determined by means of ion-
chromatography and chloride detection through conductivity (Dionex, Germany). Total
bromine and iodine in rain and porewater was analyzed by ICP-MS (Perkin-Elmer/Sciex5

Elan 6100 ICP-MS). In contrast to previous studies (Biester et al., 2004), Rhenium in-
stead of 103Rhodium was used as an internal standard for bromine and iodine analysis
by ICP-MS as the Rhodium signal shows shifts dependent on DOC concentrations in
porewater. Analyses of inorganic bromine and iodine species were performed by IC-
ICP-MS according to the method of Sacher et al. (1999). Measurements of bromine10

and iodine were validated by comparison to a certified reference sample (CRM 611).
All measurements of total bromine and iodine (indicative values) and bromide and io-
dide were in the range of the certified (indicative) values. Amounts of organobromine
and organoiodine in porewater were calculated as the difference between total concen-
trations and the sum of concentrations of inorganic species determined by IC-ICP-MS,15

respectively. Halogens in peat were determined by differential thermal analyses and
ion-chromatography. A detailed description of this method is given elsewhere (Biester
et al., 2004). Dissolved organic carbon (DOC) in porewater was determined in the
filtered samples using a Shimadzu TOC 5000 analyzer. Methods of carbon and nitro-
gen determination in peat, peat dating and sampling of rainwater were described in20

previous studies (Biester et al., 2003, 2004).
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3. Results and discussion

3.1. Halogens in rain and porewater

A major purpose of this study was to evaluate to which extent halogen concentrations
in porewater of peat bogs reflect atmospheric deposition of halogens or the release
of halogens during decomposition of the organic substrate. Halogen concentrations in5

rain were determined at the GC1 and the SKY location, where weather stations have
been operated since 1999 (Schneider et al., 2003). Concentrations and deposition
rates of halogens at the two locations are given in Table 1. At GC1 and SKY, 84 and
60% of the total iodine in rainwater, respectively, was iodide; the remainder was an
unidentified, assumingly organic iodine species (Biester et al., 2004). Halogen data in10

rain from the PBR location were not available. Deposition rates of chlorine, bromine
and iodine at the GC1 were by factors of 5, 4 and 2.6, respectively, higher than at
SKY, which is attributed to higher precipitation rates at the GC1 location (super-humid
site). Retention of chlorine in peat ranged between 0.2 and 2.0%, whereas bromine
and iodine show much higher retention rates of 30 to 50%. A detailed description and15

discussion of the halogen data in rain and peat at the two bogs is given in a previous
study (Biester et al., 2004).

Literature on halogens in porewater at bog sites is rare. Shotyk (1997) investigated
chlorine and bromine concentrations in the uppermost meter of two oceanic bogs in
Scotland using peepers. There, halogen concentrations in rain- and porewater were20

generally higher than those found at our sites. Shotyk (1997) found that chlorine and
bromine concentrations in porewater were higher than in rainwater and assumed that
this is attributed to additional inputs by fog or dry deposition of seasalt aerosols.

In the GC1 and the SKY bogs, mean halogen concentrations in porewater were on
average a factor of 15–30 higher than in rainwater (Table 1) indicating that halogen25

concentrations in porewater do not solely reflect atmospheric inputs. The largest differ-
ence (factor of ∼30) between rain and porewater concentrations was found for chlorine
and bromine at the GC1 site. At the SKY bog the difference in chlorine and bromine
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concentrations between rain and porewater was only about half of what was found at
the GC1 site. Iodine shows a similar enrichment factor in porewater of ∼20 at both
sites (Table 1). The higher enrichment factors of halogens in porewater of the GC1 bog
are mainly attributed to the generally higher halogen deposition rates at this site and
the resulting higher concentrations of halogens in peat (Biester et al., 2004).5

The enrichment of all three halogens in porewater indicates that halogen concen-
trations in porewater do not directly depend on concentrations in rain, but seem to
be mainly determined by sorption and desorption processes in peat. Additional in-
puts by fog or dry deposition, as suggested in other studies (Shotyk, 1997), are
assumed to be of minor importance at the Magellanic Moorlands, especially at the10

GC1 site, where precipitation rates are constantly high throughout the year (6000–
10 000 mm yr−1, Schneider et al., 2004). The assumption, that halogens in porewater
are mainly controlled by their release from peat and not by rainwater is supported by
the fact that 51–69% of bromine and 88–93% of iodine in porewater do exist in organic
forms (soluble organohalogens or halogenated dissolved organic matter), whereas in15

rainwater both halogens exist predominately in inorganic form. As conditions in the
catotelm are anoxic, reductive dehalogenation was expected to be one of the potential
processes of halogen release from peat. From the physical and chemical characteris-
tics of the three halogens, such as ionic radii and the polarity of the carbon halogen
bonds, one might expect that dehalogenation of organic matter proceeds in the order20

iodine, bromine and chlorine. Studies on dehalogenation processes in anaerobic sed-
iments have demonstrated that e.g. brominated biphenyls are better dehalogenation
substrates than chlorinated biphenyls (Bedard and Van Dort, 1998). However, as most
bromine and iodine in our porewater samples exist as organohalogens we concluded
that reductive dehalogenation is of minor importance for the release of bromine and25

iodine in anoxic peat.
Organochlorine compounds in porewater were not determined in this study. Con-

centrations of organochlorines in lakes and rivers were reported to range between
11 and 185µg l−1, and highest values were found in streams draining peatlands (As-
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plund, 1991). Moreover, it was shown that fulvic acids play an important role in trans-
port of organochlorine in the environment by binding of chlorine to aromatic structures
(Dahlmann et al., 1993). Assuming that similar amounts of organochlorine occur in
our porewater samples less than 1.4–3% of total chlorine in porewater would exist as
organochlorines, only. Thus, most chlorine in our porewaters exists as chloride indi-5

cating that reductive dehalogenation and release of chloride is the major process of
chlorine release from anoxic peat.

3.2. Halogen ratios

Molar halogen ratios in the porewater samples also show that the distribution of halo-
gens in porewater is independent from concentrations in rain. Although mean molar10

halogen ratios are similar to those found in rain, the wide range of variation indicates
that concentrations in porewater must be influenced by halogen release from peat dur-
ing peat diagenesis (Table 2). The highest Cl/Br, Cl/I and Br/I ratios were observed
in the uppermost peat layer and in the tephra layers of the GC1 and the SKY profiles,
which are attributed to the high release of chloride from decaying plants and weathering15

of pumice layers. Release of bromine and iodine from decaying plants at the surface
layer was found to be much lower than for chlorine, because plant uptake of chlorine
is much higher than that of bromine and iodine. Halogen ratios in peat were generally
lower than in porewater or rain, due to the higher retention of bromine and iodine by
peat compared to chlorine. Thus, more of the atmospherically derived chloride will stay20

in the liquid phase and Cl/Br and Cl/I ratios in porewater are generally higher than in
peat, whereas Br/I ratios are more similar in peat and porewater (Table 2).

Shotyk (1997) observed lower average Cl/Br ratios in living plants (20–70) compared
to Cl/Br ratios in porewater (84–324), from what he concluded that plant uptake is the
main reason for the higher retention of bromine by peat. However, organohalogens in25

porewater were not considered in this study.
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3.3. The influence of halogen concentrations in peat

Concentrations of halogens in porewater show intense changes and steep concen-
tration gradients throughout the peat profiles (Fig. 3). This implies that diffusion of
halogens within the bogs is probably of minor importance. The largest variations in
halogen concentrations were found in the GC1 core, where values vary by factors of5

16 to 22. Here, the highest concentrations of chlorine and bromine were found in the
uppermost peat layer due to the release of Cl and Br in the early phase of plant material
decay (Fig. 3a). In contrast, high concentrations of chlorine and bromine in the upper
peat section could not be observed in the other two bogs (Figs. 3b, c). We assume
that the cushion plants, which are dominant in the GC1 bog, contain larger amounts of10

chlorine and bromine than Sphagnum mosses, which are dominant in SKY and PBR
peat. Lower variations in halogen concentrations were observed in the SKY and PBR
profiles, where chlorine concentrations vary by factors of up to 16 and 8, bromine con-
centrations by factors of up to 6 and 3 and iodine concentrations by factors of up to 4
and 6, respectively. As stated earlier, high concentrations of chlorine and bromine were15

found in the tephra layers of the GC1 and SKY bogs (Figs. 3a, b), which we attribute to
additional release during weathering of the pumice.

A clear relationship between total halogen concentrations in peat and in porewater
could not be found in any of the three bogs. Thus, varying halogen concentrations in
peat alone cannot explain the variations of halogen concentrations in porewater. In20

general, profiles of chlorine concentrations in porewater show different patterns than
bromine and iodine (Fig. 3). In all three bogs, chlorine concentrations in porewater
show a tendency to follow their concentrations in peat. This trend is comparatively clear
in the GC1 profile (Fig. 3a), but weaker, or nearly absent in the SKY and PBR profiles
(Figs. 3b, c). Bromine and iodine concentrations in the SKY and PBR porewater profiles25

tend to be inversely related to concentrations in peat, whereas this trend could not be
observed in the GC1 profile, where bromine and iodine concentrations in porewater
also seem to follow their concentrations in some sections of the core (Fig. 3a). These
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results suggest that different release processes of chlorine on one side, and of bromine
and iodine on the other side control halogen concentrations in porewater.

The assumption of different release processes is also supported by the different ex-
tent to which chlorine, bromine or iodine is released from peat. To calculate proportions
of released halogens the amount of halogens in 1 litre of porewater was related to the5

amount of halogens in the mass of peat found in the same volume. Due to its high
water content (∼80–95%) the mean mass of solid matter in a volume of 1 litre of fresh
peat is only 60–150 g. In all three bogs the proportion of chlorine in porewater (10–
15%) is by a factor of 7 to ∼10 higher than proportions of bromine or iodine (0.5–2.1%)
indicating that the release of chlorine from peat is more intensive than that of bromine10

and iodine (Table 1). There might be some additional chlorine added to the porewater
by chloride release from plants in the early phases of decay. Plants are known to be
able to enrich chlorine to a large extend (Bowen, 1979).

Proportions of released halogens show strong variations throughout the profiles and
appear to be largely independent from halogen concentrations in peat (Figs. 3 and 4).15

From this we assume that there must be another factor that controls the release of
halogens from peat. Previous studies have shown that halogen concentrations in peat
strongly depend on the degree of peat humification and that they increase during peat
decomposition as a result of carbon loss (Biester et al., 2004). This implies that the
release of halogens from peat is related to the degree of peat humification and the20

chemical properties of the organic material.

3.4. Influence of peat decomposition on the release of halogens

Sorption and desorption processes of halogens, especially of bromine and iodoine, to
and from humified organic matter, particularly under anoxic conditions, is not well in-
vestigated. It has been reported that the formation of organochlorine compounds and25

decomposition of organic matter are congruent processes and that chlorine is predom-
inately released as chloride during decomposition of chlorinated organic matter in soils
(Flodin et al., 1997). Processes of bromine or iodine release from organic matter dur-
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ing decomposition are largely unknown. As organobromine and organoiodine are the
predominant forms of these halogens in porewater, one might expect that their release
from peat is related to the release of DOM. For example, iodine bound to soluble hu-
mic substances has been shown to undergo microbial induced changes, where iodine
is bound to different molecular weight fractions of the organic matter during different5

stages of ageing (Heumann et al., 2000). However, these results were obtained from
experiments under oxic conditions, whereas microbial activity in waterlogged anoxic
peat sections is restricted to anaerobic pathways.

Organic matter turnover, peat formation and mass loss is most intensive in the
uppermost, aerated peat section (acrotelm). We proposed in a previous study that10

organohalogens, which are the predominant form of halogens in peat, are mainly
formed and enriched in this section (Biester et al., 2004). On the other hand losses
of halogens during oxidation of the organic matter has to be taken into account and
it is not known how much of the initially formed organohalogens are volatilized, de-
halogenated, or decomposed in the surface layer. Enrichment of organically bound15

halogens was found to be highest during low water levels, when the uppermost peat
sections fall dry and mass loss is highest due to intense mineralization of the aer-
ated organic matter (Biester et al., 2004). We expected to find a similar relationship
for halogen concentrations in porewater assuming that halogen release from peat is
linked to peat decomposition processes. As conducted in previous studies, we used20

carbon/nitrogen ratios (C/N) as a measure of the degree of peat humification to eval-
uate the influence of peat decomposition on halogen concentrations, where low ratios
indicate high humification and vice versa (Biester et al., 2004).

To understand the relationship between peat decomposition and halogen release to
porewater in peat bogs it must be kept in mind that the degree of decomposition of25

a peat section is determined at the time of peat formation and this degree of decom-
position is preserved when the peat enters the catotelm (Malmer and Wallén, 2004).
Decomposition of organic matter in the acrotelm is controlled by factors such as oxy-
gen supply, water table fluctuations and peat growth rates. Humification processes
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occurring in the anoxic zone (catotelm) are slow if compared to decomposition in the
acrotelm. This is expressed by the difference in intensity of mass loss in the two sec-
tions. It has been estimated, that more than 90% of the initial plant mass are lost as
a result of organic matter mineralisation in the acrotelm (Clymo, 1992), whereas 50%
of the remaining peat mass is lost during peat decomposition under anoxic conditions5

in the catotelm (Kuhry and Vitt, 1996). Accordingly, C/N ratios in the catotelm predom-
inately reflect the hydrochemical conditions and also the degree of humification at the
time of peat formation at the bogs surface; hundred to thousands of years ago. Con-
centrations of halogens in porewater, however, predominantly reflect the present day
equilibrium between peat and porewater assuming that there is no significant vertical10

downward transport of halogens in the catotelm and that advective movement of pore-
water solutes in the catotelm is negligible. However, Siegel et al. (1995) could show
that severe droughts (>3–5 years) can have strong effects on the exchange of porewa-
ter in bogs due to large changes in water-table mounds. From this, Siegel et al. (1995)
concluded that the chemical composition of bog waters might not truly reflect the long-15

term hydrological state of bogs, but rather a transient climate signal that occurs several
years before the time of porewater sampling. Falling-dry effects are not important for
the porewater chemistry of the GC1 and PBR bogs, but may have occurred at the SKY
bog, where periodical falling-dry events have been deduced from peat decomposition
patterns (Biester et al., 2003, 2004).20

Halogen concentrations in peat of the Patagonian bogs increase with increasing de-
gree of peat decomposition, which means that concentrations are inversely related
to C/N ratios (Biester et al., 2004). Based on this it might be expected that halogen
concentrations in porewater are also high when peat decomposition is high (low C/N
ratios). However, relationship between C/N ratios and halogen concentrations in pore-25

water was generally week or absent in all three bogs (Figs. 3a–c). In some sections
of the PBR profile Br and I concentrations appear to follow C/N ratios, which indicates
that more Br and I is released from relatively lower decomposed peat (Fig. 3c). This
coherence becomes more evident if proportions of released halogens instead of con-
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centrations are compared to C/N ratios. Figure 4 shows that the profiles of proportions
of released bromine and iodine follow the changes of C/N ratios in nearly all parts of
the SKY and PBR cores. This trend is clear in deeper sections, but is less pronounced
in the upper 100 cm of the two profiles (Figs. 3b, c), where we assume that mixing of
porewaters is possible due to the high macro-porosity in the acrotelm.5

In the GC1 bog the relationship between bromine and iodine in porewater and peat
decomposition patterns is much less pronounced than in the other two bogs (Figs. 3a
and 4a). One reason for that might be that decomposition of GC1 peat is generally
higher and more uniform than of peat from the other two bogs. Thus variations in the
degree of humification in this bog are probably too small and the material is too highly10

condensed to have a significant influence on the release of halogens.
In all three bogs, profiles of chlorine in porewaters show different patterns than those

of bromine and iodine (Fig. 3). A consistent relationship between chlorine in porewa-
ter, or between the proportion of released chlorine and peat decomposition patterns
could not be observed, although proportions of chlorine in porewater seem to follow15

changes in C/N ratios in some sections of the bogs (Fig. 4a). Assuming that reductive
dehalogenation is the primary process of chlorine release from peat, a relationship to
peat decomposition patterns cannot be expected.

3.5. DOC and halogens in porewater

The observation that most Br and I in porewater exist as organobromine and organoio-20

dine compounds suggests a relationship with the release of dissolved organic matter
(DOM). Decomposition, humification and stabilization of organic matter are closely re-
lated to the dynamics of DOM in soils (Zech et al., 1997). Kalbitz and Geyer (2002)
could show that DOM release from peat is related to the degree of peat decomposition
and that DOM release from less degraded peat is higher than from highly degraded25

peat. The degree of peat decomposition, as expressed by C/N ratios (means) is simi-
larly high in the SKY and the PBR bogs (high C/N: 48 and 58), but significantly higher
(low C/N: 27) in the GC1 bog. Mean concentrations and mean proportions of released
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DOC (related to total carbon in peat) are also high in SKY (48 mg l−1, 0.11%) and
PBR (41 mg l−1, 0.1%) porewater, but are by a factor of ∼2.5 lower in GC1 porewa-
ter (22 mg l−1, 0.04%), which reflects the higher degree of peat decomposition of GC1
peat. Concentrations of DOC in the bogs show only a vague relationship with peat
decomposition patterns. However, if proportions of released DOC are compared to5

C/N ratios a clearer dependency of DOC release from the degree of peat decompo-
sition can be observed (Fig. 4). This relationship is clear in the SKY and the PBR
bogs, where proportions of released DOC follow C/N ratios in most parts of the profiles
(Figs. 4b, c) indicating that more DOC is released from relatively low degraded peat
(high C/N ratios) and vice versa. The strong variations of DOC in the SKY and PBR10

bogs indicate that DOC in porewater depends on the degree of peat decomposition of
single peat sections and that continuous vertical transport of DOC in the investigated
bogs is of minor importance. DOC concentrations and also proportions of released
DOC in GC1 peat show no clear relationship with peat decomposition (Fig. 4a), which
we attribute to the low variation and the generally high degree of peat decomposition15

in this bog.
Proportions of released chlorine appear to follow proportions of released DOC in

some section of the three profiles, but this trend is weak if compared to bromine and
iodine, which show a much clearer trend. As mentioned earlier, it is assumed that only
a small proportion (<3%) of released chlorine is organochlorine so that a correlation20

with the release of DOC was not expected. In contrast, the occurrence of high amounts
of soluble organobromine- (42–68%) and organoiodine compounds (88–93%) in pore-
water substantiates the relationship between the release of DOC and that of bromine
and iodine. This relationship is pronounced in the SKY and the PBR profiles, where
proportions of released bromine and iodine are in phase with proportions of released25

DOC and also with C/N ratios in most parts of the profiles (Figs. 4b, c). Figure 5 shows
the correlation between percentages of DOC and halogens released from peat at all
three sites. It is evident that the release of bromine and iodine from peat is controlled
by the release of halogenated DOC and that both parameters depend on the degree of
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peat humification. In the GC1 bog the similarity between the profiles of proportions of
bromine, iodine or DOC release is again not pronounced, because of the low variability
of all three parameters (Fig. 4a). However, the large proportion of organobromine and
organoiodine in porewater of this bog (Table 1) indicates that both components are also
associated with DOM.5

No direct dependency between proportions of released bromine and iodine, and
proportions of released DOC could be observed if the three bogs are compared among
each other. The bromine and iodine release from PBR peat is twice as high as from
SKY peat, despite that the mean proportions of released DOC is almost the same
(Table 1). Moreover, release of DOC is lowest in the GC bog, but the extent of bromine10

release is similar to what is found in the SKY bog, which show two times higher DOC
release. The most likely explanation for this is that bromine or iodine concentrations
in peat have influence on the halogen concentrations of the released organohalogens,
too. Mean total halogen concentrations are by a factor of 2–3 higher in GC peat than
in the other two bogs and halogen concentrations in PBR peat are by 25–47% higher15

than in SKY peat (Table 1). The influence of halogen concentrations in peat on halogen
concentrations in DOM is expressed by the DOC/organohalogen ratios (Br and I) in
porewater. They are significantly lower in GC1 and PBR where halogen concentrations
in peat are higher than in SKY peat independent from the amount of released DOC
(Table 3).20

The amount of bromine and iodine released from peat is therefore controlled by two
major factors, which are the amount of released DOM and total halogen concentrations
in peat. The influence of both factors is largely determined by the degree of peat de-
composition. Halogen concentrations will be high, but the release of DOC will be low,
when peat is highly decomposed and the release of DOC will be high in relatively low25

decomposed peat, but halogen concentrations will be relatively low. Due to the corre-
lation between peat decomposition, released DOC and bromine and iodine it seems
that the release of DOC is the predominant factor determining the extent of bromine
and iodine release from peat in the catotelm.
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The finding that halogens, DOC release and decomposition patterns of peat show
a clear relationship within single peat sections indicates that vertical transport of pore-
water solutes plays a minor role in Patagonian bogs. Intense advective transport of
solutes causes mixing, and thus differences in porewater composition will be small,
only. Moreover, the observed relation between chemical parameters in peat and pore-5

water shows that the used sipping technique allows sampling of deep vertical profiles of
porewater from definied peat sections, and that mixing effects during sampling can be
mostly excluded. However, in the upper sections of the SKY and the PBR profiles the
relationship between peat decomposition and porewater chemistry seems to be weak,
or absent. The upper 50–70 cm of those cores consist of only slightly decomposed10

litter with a high active porosity and macro-pore openings adjacent to roots, which can
at least locally increase the hydraulic conductivity. Thus, halogen, or DOC concentra-
tions in this section give rather average values of the whole section than of single peat
slices.

4. Conclusions15

This study has shown that concentrations of halogens in peat porewater are predomi-
nately controlled by their release from peat as a result of peat diagenesis and that they
are largely independent from their concentrations in rain. Processes of halogen release
from peat appear to differ between chlorine, bromine and iodine. Most chlorine in pore-
water is inorganic, but concentrations in porewater are generally higher than in rain20

indicating that a significant proportion of chlorine in porewater is released from peat.
Bromine and iodine in porewater were found to occur mainly as soluble organohalo-
gens. Their release from peat is generally low (<2.5%) and is mainly controlled by the
release of DOM. Proportions of released DOC and bromine and iodine are strongly
influenced by the degree of peat degradation. Accordingly, the release of halogens25

from peat bogs has a strong climatic component (bog wetness) reflected by the de-
gree of peat decomposition and the potential to release DOM. Following the concept
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of increased DOC release from peat bogs during wet and warm periods (Freeman et
al., 2001), higher release rates of halogens, especially of bromine and iodine, have to
be expected during such climatic conditions. We therefore postulate that the release
of halogens will increase from those bogs where wetness increases under present
day warming. On the other hand, climate warming may cause increasing frequency5

of drought events and dry falling of peatlands, which will diminish export of DOC and
therefore also of halogens.
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Table 1. Mean total concentrations of halogens in rain, porewater and peat, atmospheric de-
position rates, proportions of released halogens and DOC from peat (expressed as percent of
total halogens and carbon concentrations in peat).

Cl (mg l−1) Br (µg l−1) I (µg l−1) DOC (mg l−1) C/N
Mean Mean Mean Mean mean

Rain
GC1 0.5 3.9 0.48 n.d. /
SKY 0.4 3.8 0.68 n.d. /
PBR n.d. n.d. n.d. n.d. /

Deposition ratesa mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1

GC1 3000 23.4 2.6 n.d. /
SKY 600 5,7 1 n.d. /
PBR n.d. n.d. n.d. n.d. /

Porewater Cl (mg l−1)/% Br (µg l−1)/% I (µg l−1)/% DOC (mg l−1)/%
GC1 15/8 122/0.5 6.8/0.54 22/0.03
SKY 4/11 47/1 11/1.1 48/0.1
PBR 10/15 97/2.2 21/2.1 42/0.1

Cl (mg kg−1) Br (mg kg−1) I (mg kg−1) C/N
Peat
GC1 1065 158 16 27
SKY 405 48 10 48
PBR 596 60 13 58

n.d.=not determined
a=data from Biester et al. (2003)
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Table 2. Molar ratios of halogens in rainwater, peat and porewater collected at the locations
GC1, SKY, and PBR.

Cl/Br Cl/I Br/I
mean/range mean/range mean/range

GC1 (rainwater) 289 3734 13
SKY (rainwater) 235 2108 9

GC1 (porewater) 293/152–624 8576/1117–42 735 29/6–137
SKY (porewater) 257/80–750 2541/290–12 699 9/1.5–33
PBR (porewater) 262/62–825 2072/478–6355 7/5–11

GC1 (peat) 32/7–67 305 (222)/135–1130 22 (7.7)/3.8–166
SKY (peat) 58.7/11–674 176/100–446 7.4/0.46–12.3
PBR (peat) 32.6/12–227 157/104–200 7.7/4–12
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Table 3. Mean molar ratios of dissolved organic carbon (DOC) and organically bound bromine
(oBr) and iodine (oI) in porewater sampled at the locations GC1, SKY, and PBR.

DOC/oBr DOC/oI

GC1 2214 37 550
Sky 6965 54 090
Pbr 2978 24 540
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Figure 1 
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 Fig. 1. Locations of the sample sites GC1, SKY, and PBR in the Magellanic Moorlands, Chile.
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extension rods
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Fig. 2. Sampling device to collect porewater in deep peat layers by sipping.
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Figure 3a 
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Figure 3b 
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Figure 3c 
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Fig. 3. Total halogen concentrations (tCl, tBr, tI) in peat and porewater (pw) in three om-
brotrophic peat bogs GC1 (A), SKY (B), PBR (C) located in the Magellanic Moorlands com-
pared to C/N ratios indicating differences in the degree of peat decomposition. Gray bars
indicate tephra layers.
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Figure 4c 
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Fig. 4. Concentrations of DOC in porewater and proportions of DOC, chlorine, bromine and
iodine released from peat in the peat bogs GC1 (A), SKY (B), PBR (C) located in the Magellanic
Moorlands. Gray bars indicate tephra layers.
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Fig. 5. Correlation between proportions of released halogens and DOC in porewater sam-
pled at three ombrotrophic peat bogs GC1 (A), SKY (B), PBR (C) located in the Magellanic
Moorlands.
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