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Abstract. Halogens are strongly enriched in peat and peat-
lands and such they are one of their largest active terres-
trial reservoir. The enrichment of halogens in peat is mainly
attributed to the formation of organohalogens and climati-
cally controlled humification processes. However, little is
known about release of halogens from the peat substrate
and the distribution of halogens in the peat pore water. In
this study we have investigated the distribution of chlorine,
bromine and iodine in pore water of three pristine peat bogs
located in the Magellanic Moorlands, southern Chile. Peat
pore waters were collected using a sipping technique, which
allows in situ sampling down to a depth greater than 6 m.
Halogens and halogen species in pore water were deter-
mined by ion-chromatography (IC) (chlorine) and IC-ICP-
MS (bromine and iodine). Results show that halogen con-
centrations in pore water are 15–30 times higher than in rain-
water. Mean concentrations of chlorine, bromine and io-
dine in pore water were 7–15 mg l−1, 56–123µg l−1, and
10–20µg l−1, which correspond to mean proportions of 10–
15%, 1–2.3% and 0.5–2.2% of total concentrations in peat,
respectively. Organobromine and organoiodine were the pre-
dominant species in pore waters, whereas chlorine in pore
water was mostly chloride. Advection and diffusion of halo-
gens were found to be generally low and halogen concentra-
tions appear to reflect release from the peat substrate. Re-
lease of bromine and iodine from peat depend on the de-
gree of peat degradation, whereas this relationship is weak
for chlorine. Relatively higher release of bromine and iodine
was observed in less degraded peat sections, where the re-
lease of dissolved organic carbon (DOC) was also the most
intensive. It has been concluded that the release of halo-
genated dissolved organic matter (DOM) is the predominant
mechanism of iodine and bromine release from peat.

Correspondence to:H. Biester
(hbiester@ugc.uni-heidelberg.de)

1 Introduction

For a long time halogens were seen to behave mostly conser-
vative in the soil and aquatic environment. Today halogens
are known to be involved in a large number of biogeochemi-
cal mechanisms related to the transformation of organic mat-
ter and some of these processes are basic for the understand-
ing of the biogeochemical cycling of halogens. Natural for-
mation of organohalogens in nearly all aquatic and terres-
trial environments is widely accepted to be a key mecha-
nism for the retention and enrichment of halogens in soils
(Öberg, 2002) and peatlands (Keppler and Biester, 2003; Bi-
ester et al., 2004). Enzymatic processes such as haloperoxi-
dases and halogenases are thought to be the major source of
natural halogenated organic compounds in the environment
(e.g. Shaw and Hager, 1959; Asplund et al., 1993; Gribble,
2003; Van Ṕee and Unversucht, 2003). Most recent stud-
ies on the behavior of halogens in the pedosphere are fo-
cused on chlorine while 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 stable
organohalogen compounds through interaction with humic
substances (Whitehead, 1984; Yuita, 1994) and laboratory
studies have also shown that iodine in seepage water from
soils and in brown waters from bogs is preferentially bound
to humic acids (R̈adlinger and Heumann, 2000). Moreover,
iodine bound to soluble humic substances has been shown to
undergo microbial induced changes, where iodine is bound
to different molecular weight fractions of the organic matter
during different stages of ageing (Heumann et al., 2000).

Ombrotrophic peat bogs, which receive all elements ex-
clusively through atmospheric deposition, are widely used
as environmental archives. Being solely built up by organic
matter, they are ideal natural laboratories to study the role of
organic matter transformation processes in the biogeochem-
ical cycling of halogens. Data on halogens in peat are still
limited to a small number of studies (Chagué-Goff and Fyfe,
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Fig. 1. Locations of the sample sites GC1, SKY, and PBR in the
Magellanic Moorlands, Chile.

1996; Maw and Kempton, 1982; Shotyk, 1997; Silk et al.,
1997; Keppler and Biester, 2003; Biester et al., 2004).

The major mechanism of halogen retention by peat is the
formation of organohalogens (Silk et al., 1997; Keppler and
Biester, 2003, Biester et al., 2004). For example, Keppler
et al. (2004) demonstrated that peat has a large 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 the highest halogen
concentrations in peat were correlated with relatively dry pe-
riods, when the bog wetness is lower and peat decomposition
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 concentra-
tions or accumulation rates in peat bogs the release of halo-
gens from peat to peat pore water during diagenesis of the
organic matter is of major interest in estimating halogens
fluxes from peatlands into rivers and streams. Many pore wa-
ter investigations in peat bogs have been carried out using in
situ diffusion equilibrium samplers (peepers) (e.g. Bendell-
Young and Pick, 1997; Steinmann and Shotyk, 1997) or suc-
tion techniques (e.g. Blodau and Moore, 2002). The idea
that pore water 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 peats is too low (Ingram,
1982). Other studies have shown that climate fluctuations
of short duration may temporarily reverse the vertical direc-

tion of fluid flow through the peat, which can reverse con-
centration gradients of pore water solutes (Romanowicz et
al., 1993; Fraser et al., 2001). On the other hand, longer pe-
riods (3–5 years) of droughts can produce significant changes
in pore water chemistry (Siegel et al., 1995).

Only a small number of studies have focused on the fate of
halogen in peat bogs. Shotyk (1997) has investigated halo-
gens in peat and pore water in two bogs in Scotland and con-
cluded that chlorine is conservative in bogs, whereas bromine
is not. However, these investigations were focused on inor-
ganic halogen species and did not consider organohalogen
compounds in pore water or the role of dissolved organic
matter released from peat.

Mechanisms of halogen release from organic substrates
have been predominantly investigated as a remediation tech-
nique for groundwater contaminated with chlorinated or-
ganic solvents or other specific pollutants. In contrast little
is known about dechlorination of natural formed organohalo-
gens. Laboratory studies have shown that dehalogenation can
occur under aerobic and anaerobic conditions and that halo-
gens are cleaved enzymatically from the organic substrate.
An overview on dechlorination mechanisms can be found
in Winterton (2000) and in Van Ṕee and Unversucht (2003).
However, natural mechanisms of formation and dehalogena-
tion of organobromine and organoiodine compounds in peat
bogs are mostly unknown.

As a first step to understand the fate of halogens in bogs
we investigated the distribution and speciation of halogens in
pore water at three bog sites located in the Magellanic Moor-
lands, Chile. Based on data of peat decomposition obtained
during previous studies we investigated here the degree halo-
gen release from peat and its dependence on the degree of
peat humification or the release of dissolved organic matter
(DOM).

2 Methods and materials

2.1 Sampling locations

Pore water samples were collected from three ombrotrophic
bogs (GC1, SKY and PBR) located in different climatic
zones of the Magellanic Moorlands, southernmost Chile
(Fig. 1). The GC1 bog is a cushion plant bog, which is typ-
ical for the super-humid area (S 52◦47.443′/W 72◦56.616′).
The bog is characterized by intense atmospheric deposition
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 ex-
tremely humid zone of the Magellanic Moorlands and the
dry Pampa grasslands (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
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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 or more tephra layers were
found in all three bogs, which can be assigned to different
eruptions of the volcanoes Mt. Burney, Hudson and Reclus,
all located in the southern Andes (Kilian et al., 2003). A de-
tailed 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 pore waters

Pore waters in peat bogs are usually collected by means of
in situ diffusion equilibrium samplers (peepers), which al-
low collection of interstitial waters. In other studies sipping
techniques have been proposed to collect pore water from
peat (Romanowicz et al., 1993; Blodau and Moore, 2002).
In our study we used a self-constructed device, which allows
pore water sampling down to a depth of>6 m by sipping.
The device consists of a sampling head and extension rods
all made of aluminium (Fig. 2). The sampling head contains
an intermediate perforated (Ø 1–5 mm) Teflon ring, which
allows lateral inflow of surrounding pore waters. The pore
water 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 pore
water, are made of Teflon or polypropylene. The perforated
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 pore waters are allowed to flow into the centrifuge tube
for 5–30 min. The openings are then closed and the sam-
pler 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 pore water flow, which was lowest in deeper
bog sections. Pore water samples were taken in 15 cm depth
increments. The holes for pore water sampling were located
about 20 cm next to the holes where the peat cores were ex-
tracted. Pore water samples were filtered (0.2µm) and stored
cold (4◦C) until analyses.

2.3 Sampling of rainwater

Rainwater was collected using a 50×40 cm polypropylene
box connected to a 1 L Teflon bag. Collection was during
the October 2002 and March 2003 campaigns; the period of
collection was two days at location GC1 and approximately
one week at the SKY location. Precipitation rates at the two
locations were measured by an automatic-weather stations at
each site over a period of one year. (Schneider et al., 2003).

extension rods

50 ml PP centrifuge tube

perforated Teflon ring

movable steel ring

silicon plug

sampling head

threaded bar

5 cm

Fig. 2. Sampling device to collect pore water in deep peat layers by
sipping.

2.4 Sampling of peat cores

Peat profiles were collected at the highest elevation of
each bog, where hummocks and hollows, and trees were
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absent. The uppermost 2 m of the peat was sampled us-
ing a 10×10×200 cm stainless steel Wardenaar-type corer.
Deeper sections were sampled with a stainless steel russian-
type barrel corer with a 50×5 cm cylindric sample cham-
ber. All cores were sectioned in the field and placed into
polyethylene bags. The GC1 core was sectioned into 2-cm
slices while the SKY core was sectioned into 4-cm slices. A
layer of about 1 cm was cut off from each side of the core to
avoid cross contamination due to smearing of material from
the tephra layers. All samples were stored frozen. Half of
each sample was freeze-dried and milled using a titanium
centrifuge mill.

2.5 Differential analysis of halogens in peat

To distinguish inorganic and organically bound halogens in
peat, inorganic halogens were removed prior to combustion
by washing the sample with ultra pure water, acidified to pH
2 with concentrated nitric acid. Concentrations of chlorine,
bromine and iodine in untreated peat were determined af-
ter combustion of the peat samples (10–25 mg) and halogen
trapping using an AOX-analyzer (ECS 1000, Thermo Instru-
ments GmbH, Germany). Halogens were then determined by
means of ion-chromatography, where chloride was detected
through conductivity (Dionex, Germany), and bromide and
iodide by UV/VIS absorption (Shimazu, Japan). Halogen
concentrations in the washed samples gave the amount of or-
ganically bound halogens. The differences in halogen con-
centrations between untreated and washed samples gave the
amount of inorganic halogens. A detailed description of the
method is given by Putschew et al. (2003).

2.6 Determination of carbon, and nitrogen in peat

Carbon and nitrogen concentrations were determined by
means of a C/N-Analyzer (ELEMENTAR) burning 10–
20 mg sample aliquots in a tin capsule. Mean relative stan-
dard deviations (RSDs) for the determination of carbon and
nitrogen were 2.2% and 2.1%, respectively (n=3).

2.7 Determination of halogens and dissolved organic car-
bon in rain and pore water

Total chloride in pore water and rainwater was determined
by means of ion-chromatography and chloride detection
through conductivity (Dionex, Germany). Total bromine
and iodine in rain and pore water was analyzed by ICP-
MS (Perkin-Elmer/Sciex Elan 6100 ICP-MS). In contrast to
previous studies (Biester et al., 2004), Rhenium instead of
103Rhodium was used as an internal standard for bromine
and iodine analysis by ICP-MS as the Rhodium signal shows
interferences dependent on DOC concentrations in pore wa-
ter. Analyses of inorganic bromine and iodine species were
performed by IC-ICP-MS using a Dionex IonPac AS9HC
(250×4 mm) column and a AS9GC 50×4 mm) guard col-

umn. Na2CO3 (20 mmol) was used as an eluent at a flow rate
of 0.9 ml/min according to the method of Sacher et al. (1999).

Measurements of bromine 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 iodide were in the range of the certified (in-
dicative) values. Amounts of organobromine and organoio-
dine in pore water were calculated as the difference between
total concentrations and the sum of concentrations of inor-
ganic species determined by IC-ICP-MS, respectively.

Dissolved organic carbon (DOC) in pore water was deter-
mined in the filtered samples using a Shimadzu TOC 5000
analyzer.

3 Results and discussion

3.1 Halogens in rain

A major purpose of this study was to evaluate the extent to
which halogen concentrations in pore water of peat bogs re-
flect atmospheric deposition and the release of halogens dur-
ing decomposition of the organic substrate.

Halogen concentrations in rain were determined at the
GC1 and the SKY location, where weather stations have been
operational since 1999 (Schneider et al., 2003). Concentra-
tions and deposition rates of halogens at the two locations are
given in Table 1. At GC1 and SKY, 84 and 60% of the to-
tal iodine in rainwater, respectively, was iodide; the remain-
der was an unidentified, assumingly organic iodine species
(Biester et al., 2004). Halogen data in rain from the PBR
location were not available. Deposition rates of chlorine,
bromine and iodine at the GC1 site 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 reten-
tion of 30 to 50% of wet halogen deposition. A detailed de-
scription and discussion of the halogen data in rain and peat
at the two bogs can be found in Biester et al. (2004).

3.2 Halogens in pore water

The mass balance of halogen, especially of chlorine, in soils
is mainly controlled by inputs of atmospheric deposition and
losses by surface runoff, evapotranspiration and transport to
the groundwater. Enrichment of chlorine in soil solution or
groundwater compared to rainwater is mainly attributed to
evapotranspiration. Retention of chlorine in soils through
the formation of organochlorines or release of chloride dur-
ing organic matter decay has been reported (Asplund et al.,
1989; Flodin et al., 1997) but is of minor importance for the
overall budget of chlorine in soil solution. Data on bromine
or iodine budgets in soils or peat bogs could not be found in
the literature.
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Table 1. Mean total concentrations of halogens in rain, pore water and peat, atmospheric deposition 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. /

Pore water Cl Br I DOC
(mg l−1)/% (µg l−1)/% (µg l−1)/% (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)

The fate of halogens in bogs is controlled by evapotranspi-
ration, retention by the organic substrate and losses through
outflow. Water movement in ombrotrophic bogs is charac-
terised by a large differences in hydrological conductivity
between the acrotelm and the catotelm. In the acrotelm hy-
drological conductivity is usually high, whereas the catotelm
is seen to be mostly impermeable (Ivanov, 1981). As such,
vertical transport of solutes within peat bogs is generally low
and surface runoff and lateral transport through the acrotelm
are the dominant hydrological processes controlling advec-
tive transport of atmospherically derived solutes (Ingram,
1983; Succow and Joosten, 2001). In this study evapo-
transpiration and outflow at our study sites were not deter-
mined. Due to the necessarily positive water balance of om-
brotrophic mires strong enrichment of solutes as a result of
evapotranspiration is unlikely to occur.

In the GC1 and the SKY bogs, mean halogen concentra-
tions in pore water were on average a factor of 15–30 higher
than in rainwater (Table 1). The largest difference (factor of
∼30) between rain and pore water concentrations was found
for chlorine and bromine at the GC1 site. At the SKY bog the
difference in chlorine and bromine concentrations between
rain and pore water was only about half of what was found
at the GC1 site. Iodine shows a similar enrichment factor in
pore water of (∼20) at both sites (Table 1). The higher en-

richment factors of halogens in pore water 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). Additional inputs by
fog or dry deposition, as suggested in other studies (Shotyk,
1997), are assumed to be of minor importance at the Mag-
ellanic Moorlands, especially at the GC1 site, where precip-
itation rates are constantly high throughout the year (6000–
10 000 mm yr−1, Schneider et al., 2004). Such high enrich-
ment of halogens in peat pore water of living bogs could not
be explained by evapotranspiration alone. If the enrichment
of halogens in pore water is solely a result of evapotranspira-
tion, halogen ratios in rain and pore water should be similar.
Although mean molar ratios of Cl/Br, Cl/I and Br/I are simi-
lar to those found in rain (Table 2), the wide range of varia-
tion indicates that concentrations in pore water are influenced
by halogen release from peat. On the other hand halogen ra-
tios in pore water were significantly higher than those found
in peat indicating that the intensity of release from peat is
different for the three halogens (Table 2).

3.3 Variability of halogen concentrations in pore water

The interpretation of halogen concentrations in pore water is
based on the principal model that element concentrations in
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Fig. 3. Total halogen concentrations (tCl, tBr, tI) in peat and pore
water (pw) in three ombrotrophic peat bogs GC1(a), SKY (b), PBR
(c) located in the Magellanic Moorlands compared to C/N ratios
indicating differences in the degree of peat decomposition. Gray
bars indicate tephra layers.

the pore water of sediments are mainly controlled by poros-
ity, advection, diffusion and release (production) from the
substrate (Berg et al., 1998; Blodau and Moore, 2003). Ad-

vection is known to be high in the acrotelm due to its high
effective macroporosity (Fraser et al., 2001). In contrast, hy-
drological conductivity and vertical transport of solutes in
the catotelm are generally low and therefore the major fac-
tors controlling distribution of solutes in pore water in the
catotelm is diffusion and release from the substrate.

Concentrations of halogens in pore water show intense
changes and large concentration gradients throughout the
peat profiles (Fig. 3). The largest variations in halogen con-
centrations were found in the GC1 core, where values vary
by factors of 16 to 22. The high gradients are only found
for chlorine and bromine in the uppermost peat layer and re-
lease of Cl and Br in the early phase of plant material de-
cay (Fig. 3a) was assumed to be the primary mechanism for
this enrichment. However, such high concentrations of chlo-
rine and bromine in the upper peat section could not be ob-
served in the other two bogs (Figs. 3b, c). We assume that
the cushion plants, which are dominant in the GC1 bog, con-
tain larger amounts of chlorine and bromine thanSphagnum
mosses, which are dominant in SKY and PBR peat.

Despite the chlorine and bromine enrichment in the sur-
face layer changes in halogen concentrations are more fre-
quent and more pronounced in the SKY and the PBR bogs,
especially for bromine and iodine (Fig. 3). Here, concentra-
tions of chlorine, bromine and iodine vary by factors of up to
16 (Tephra) and 8, up to 6 and 3 and up to 4 and 6, respec-
tively.

The high concentration gradients observed indicate that
diffusion, especially in the acrotelm, is very low. Informa-
tion on the size of ions or molecules is crucial for diffusion
processes in porous media as diffusion coefficients of small
ions or molecules are higher than those of large ones. For
example, diffusion of large humic molecules in aqueous so-
lution has been shown to be very low (∼1.35×10−10 m2 s−1

for humic acid molecules of 10 000 to 100 000 g mol−1)
(Cornel et al., 1986) compared to small ions such as chlo-
ride, which show effective diffusion coefficients in the range
of ∼2×10−6 m2 s−1 in porous media (Appelo and Postma,
1996).

The speciation measurements of bromine and iodine show
that 51–69% of bromine and 88–93% of iodine in pore wa-
ter exists in organic forms (soluble organohalogens or halo-
genated dissolved humic substances). Organochlorine com-
pounds in pore water were not determined in this study.
Their concentrations in lakes and rivers can range between
11 and 185µg l−1, and highest values were found in streams
draining peatlands (Asplund, 1991). Moreover, fulvic acids
play an important role in transport of organochlorine in the
environment by binding of chlorine to aromatic structures
(Dahlmann et al., 1993). Assuming that similar amounts of
organochlorine occur in peat pore water less than 1.4–3%
of total chlorine in pore water would exist as organochlo-
rines. Thus, the occurrence of such high amounts of organ-
ically (humic) bound bromine and especially iodine and the
very low diffusion coefficients of dissolved humic substances
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Table 2. Molar ratios of halogens in rainwater, peat and pore water 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 (pore water) 293/152–624 8576/1117–42 735 29/6–137
SKY (pore water) 257/80–750 2541/290–12 699 9/1.5–33
PBR (pore water) 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

can explain why the diffusion of bromine and iodine in
our profile is so low and concentration gradients are high.
Organochlorine seems to be of minor importance for the dis-
tribution of chlorine in our bogs and chloride is the predomi-
nant species in pore water. The comparatively high diffusion
coefficients of chloride (compared to humic acid bound chlo-
rine) explain the smoother concentration gradients of chlo-
rine in our bogs compared to those of bromine and iodine.

3.4 Relationship between halogen concentrations in peat
and pore water

The observation of high concentration gradients and low dif-
fusion of bromine and iodine implies that concentrations in
pore water are indicative for release of these halogens from
the peat substrate and that release intensities are different in
individual peat layers. One reason for the variations in halo-
gen release throughout the peat profile could be differences
in halogen concentrations in peat, which are generally high
in all three bogs (Table 1). Moreover, as they occur pre-
dominately as organohalogens their concentrations are to a
large extent determined by the degree of peat decomposition
(Biester et al., 2004) and thus show large variations within
the peat profiles (Fig. 3). However, a clear relationship be-
tween total halogen concentrations in peat and in pore water
could not be found. In general, profiles of chlorine concen-
trations in pore water show different patterns than bromine
and iodine (Fig. 3). In all three bogs, chlorine concentrations
in pore water show a tendency to follow 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 pore water profiles tend to be inversely
related to concentrations in peat, whereas this trend could
not be observed in the GC1 profile, where bromine and io-
dine concentrations in pore water also seem to follow their
concentrations in peat in some sections of the core (Fig. 3a).
However, comparison of halogens in pore water and peat on a

concentration basis does not consider variation of peat mass
per volume. Therefore, halogen concentrations in pore water
and peat must be compared on a mass per volume basis if
halogen concentrations in pore water are considered as pro-
portions of halogens released from peat.

3.5 Halogen release from peat

Proportions of released halogens were calculated by relating
the amount of halogens in 1 l of pore water to the amount of
halogens in the mass of peat in the same volume. The use of
the term release implies that all halogens found in pore wa-
ter are released from peat and neglects halogens enrichment
as a result of evapotranspiration. It is clear that halogens are
enriched by evapotranspiration but the high halogen concen-
trations in peat and the high enrichment factors compared
to rainwater concentrations indicate that the enrichment of
halogens in pore water is mainly attributed to release from
peat and evapotranspiration only plays a minor role.

Due to its high water content (∼80–95%) the mean mass
of solid matter in a volume of 1 litre of fresh peat was only
60–150 g. In all three bogs proportions of chlorine in pore
water (10–15%) are by a factor of 7 to∼10 higher than those
of bromine or iodine (0.5–2.1%), which show similar values
(Table 1). This suggests that different release mechanisms of
chlorine compared to bromine and iodine control the enrich-
ment of the three halogens in pore water.

As conditions in the catotelm are anaerobic, reductive de-
halogenation is expected to be one of the potential mech-
anisms of halogen release from peat. In fact the predomi-
nance of chloride in pore water suggests that reductive de-
halogenation is indeed the predominant mechanism of the
chlorine release from peat. Sorption and desorption mech-
anisms of halogens, especially of bromine and iodine, to
and from humified organic matter, particularly under anoxic
conditions, is not well investigated. From the physical
and chemical characteristics of the three halogens, such as
ionic radii and the polarity of the carbon halogen bonds, we
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expected that dehalogenation of organic matter proceeds in
the order iodine, bromine and chlorine. Studies on dehalo-
genation mechanisms in anaerobic sediments have demon-
strated that e.g. brominated biphenyls are better dehalogena-
tion substrates than chlorinated biphenyls (Bedard and Van
Dort, 1998). Studies on spiked organic rich sediments have
shown that iodine is immobile under oxic condition but re-
leased from the sediment under unoxic conditions (Bird and
Schwartz, 1996). However, as most bromine and iodine in
our pore water samples exist as organohalogens we con-
cluded that reductive dehalogenation is of minor importance
for the release of bromine and iodine in anaerobic peat and
that the release of both halogens is more likely to be depen-
dent on the release of DOM.

3.6 Release of halogens and DOC and the role of peat de-
composition

Dynamics of DOM in soils are closely related to decomposi-
tion, humification and stabilization of organic matter (Zech et
al., 1997). Kalbitz and Geyer (2002) could show that DOM
release from peat is related to the degree of peat decompo-
sition and decreases with increasing humification. To under-
stand the relationship between peat decomposition and the
release of DOC and halogens in bogs it must be kept in mind
that the degree of decomposition is determined at the time of
peat formation in the acrotelm and this degree of decomposi-
tion is preserved when the peat enters the catotelm (Malmer
and Walĺen, 2004). Decomposition of organic matter in the
acrotelm is mainly controlled by oxygen supply, water table
fluctuations and peat growth rates. Humification processes
occurring in the anaerobic zone (catotelm) are slow if com-
pared to decomposition in the acrotelm. Accordingly, the de-
gree of humification in the catotelm predominately reflects
the hydrochemical conditions (especially bog wetness) at the
time of peat formation at the bogs surface; hundred to thou-
sands of years ago.

Assuming that there is no significant vertical downward
transport in the catotelm and that advective movement of
pore water solutes in the catotelm is negligible concentra-
tions of halogens in pore water reflect the present day equi-
librium between peat and pore water. However, Siegel et
al. (1995) could show that severe droughts (>3–5 years) can
have strong effects on the exchange of pore water 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-term hydrological state
of bogs, but rather a transient climate signal that occurs sev-
eral years before the time of pore water sampling. The effects
of dry-falling are not important for the pore water chemistry
of the GC1 and PBR bogs, but may have occurred at the SKY
bog, where periodical dry-falling events have been deduced
from peat decomposition patterns (Biester et al., 2003, 2004).

As conducted in other studies, we used carbon/nitrogen
ratios (C/N) as a measure of the degree of peat humifica-

tion or rather decomposition (reflecting also mineralization)
and changes in mass loss to evaluate the influence of peat
decomposition. Low ratios indicate high humification and
vice versa (Malmer and Wallén, 1993; Kuhry and Vitt, 1996;
Biester et al., 2004). The degree of peat decomposition, as
expressed by C/N ratios (means) is similarly low in the SKY
and the PBR bogs (high C/N: 48 and 58), but significantly
higher (low C/N: 27) in the GC1 bog (Table 1).

Mean concentrations and mean proportions of released
DOC (related to total carbon in peat) are similar high in
SKY (48 mg l−1, 0.11%) and PBR (41 mg l−1, 0.1%) pore
water, but are by a factor of∼2.5 lower in GC1 pore water
(22 mg l−1, 0.04%), which reflects the generally higher de-
gree of peat decomposition of GC1 peat (Table 1). Similarly
to bromine and iodine, DOC concentrations in the SKY and
PBR bogs show large gradients throughout the profile with
changes in concentrations by more then a factor of 2 (Fig. 4).
As discussed for the organohalogens, the reason for this steep
gradients is the very low diffusion of large organic macro-
molecule such as humic or fulvic acids in aqueous solutions
(Cornel et al., 1986). Thus, DOC concentrations in pore wa-
ter predominately reflect DOM production and release from
peat.

Concentrations of DOC in the bogs show only a vague re-
lationship with peat decomposition patterns (C/N). However,
if proportions of released DOC are compared to C/N ratios a
clearer dependency of DOC release from the degree of peat
decomposition can be observed (Fig. 4). This relationship
is pronounced in the SKY and the PBR bogs, where propor-
tions of released DOC follow C/N ratios in most parts of the
profiles (Figs. 4b, c) indicating that relatively more DOC is
released from low degraded peat (high C/N ratios) and vice
versa. In GC1 DOC concentrations and also proportions of
released DOC peat show no clear relationship with peat de-
composition (Fig. 4a), which we attribute to the low variation
and the generally high and uniform degree of peat decompo-
sition in this bog.

The occurrence of high amounts of soluble organobromine
and organoiodine compounds 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 released DOC and
also with C/N ratios in most parts of the profiles (Figs. 4b,
c). However, in the upper sections of the SKY and the PBR
profiles (in the section of present day water table fluctuation)
the relationship between peat decomposition, DOC and halo-
gen release seems to be weak, or absent. The upper 50–70 cm
of those cores consist of only slightly decomposed plant lit-
ter with a high active porosity and macro-pore openings adja-
cent to roots, which can at least locally increase the hydraulic
conductivity. Thus, halogen, or DOC concentrations in this
section give rather average values of the whole section than
of individual peat slices.
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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
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parameters depend on the degree of peat decomposition. In
the GC1 bog the similarity between the profiles of propor-
tions of bromine, iodine or DOC release is again not pro-
nounced, assumingly because of the low variability of the
degree of peat decomposition (Fig. 4a). However, the large
proportion of organobromine and organoiodine in the pore
water of this bog (Table 1) indicates that both components
are also associated with DOM.

Proportions of released chlorine appear to follow propor-
tions of released DOC in some section of the three profiles,
but this trend is weak if compared to bromine and iodine.
Due to the assumingly small proportions (<3%) of organi-
cally bound chlorine in the pore waters correlation of chlo-
rine with DOC was not expected.

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 GC1 bog, but the extent
of bromine 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 concen-
trations in peat have influence on their concentrations in the
released organohalogens (or the halogen concentration in re-
leased DOM). Mean total halogen concentrations are by a
factor of 2–3 higher in GC1 peat than in the other two bogs
and those in PBR peat are by 25–47% higher than in SKY
peat (Table 1). The influence of bromine and iodine concen-
trations in peat on their concentrations in DOM is expressed
by the DOC/organohalogen ratios in pore water. They are
significantly lower in GC1 and PBR where halogen concen-
trations in peat are higher than in SKY peat independent from
the amount of released DOC (Table 3). Proportions of re-
leased bromine and iodine are therefore controlled by two
major factors, which are the amount of released DOM and
their total concentrations in peat. The influence of both fac-
tors is largely determined by the degree of peat decomposi-
tion. 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 low decomposed
peat but halogen concentrations will be relatively low. Due to
the correlation 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.

4 Conclusions

Halogens were found to be strongly enriched in peat pore
water if compared to rain water. The high enrichment fac-
tors (20–30 fold) found could not be explained by evapotran-
spiration alone. All halogens show steep concentration gra-

Table 3. Mean molar ratios of dissolved organic carbon (DOC)
and organically bound bromine (oBr) and iodine (oI) in pore water
sampled at the locations GC1, SKY, and PBR.

DOC/oBr DOC/oI

GC1 2214 37 550
Sky 6965 54 090
Pbr 2978 24 540

dients throughout the peat profile indicating that advection
and diffusion are generally low and that halogen concentra-
tions predominately reflect release from the peat substrate.
Moreover, the observed relation between chemical parame-
ters in peat and pore water indicates that the used sipping
technique allows sampling of deep vertical profiles of pore
water from individual peat sections, and that mixing effects
during sampling can be mostly neglected. Mechanisms of
halogen release from peat appear to differ between chlorine
and bromine and iodine. Bromine and iodine in pore wa-
ter mainly occur as soluble organohalogens, whereas the dis-
tribution of chlorine in pore water appears to be dominated
by chloride. Release of bromine and iodine is generally low
(<2.5%) and seems to be mainly controlled by the release of
DOM. Proportions of released DOC and bromine and iodine
are influenced by the degree of peat degradation. Accord-
ingly, the release of halogens from peat bogs has a strong
climatic component (bog wetness) reflected by the degree of
peat decomposition and the potential to release DOM. Fol-
lowing the concept 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 in-
creasing frequency of drought events and dry falling of peat-
lands, which will diminish export of DOC and therefore also
of halogens.

Acknowledgements.This work was funded by the Deutsche
Forschungsgemeinschaft, grant BI 734 to H. Biester. Thanks to
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