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The chlorine-cycle in soil is described from a budget-perspective focussing on the interaction
between organic and inorganic chlorine. The concentration and storage of organically bound
chlorine and chloride in soil and vegetation is estimated for various eco-systems. The origin
of the chloride and organic chlorine in soil is considered and major sinks and sources are pin-
pointed and estimated. Processes causing formation of organic chlorine (consumption of chlo-
ride) and mineralisation of organic chlorine (release of chloride) are discussed. It is shown that
the extent of organic chlorine turnover is likely to influence the geochemical cycling of chlo-
ride. A rough global budget of the chlorine cycle is outlined at the end of this paper.
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1
Introduction

Chlorine is one of the most abundant elements on the surface of the Earth. In soil,
it is mainly present as chloride ions (Cl–) and as an integrated part of the organic
matter, that is organically bound (Clorg). The major source of the chloride ions is
the oceans, whereas the organically bound chlorine originates from various
sources. The geochemical cycling of chloride ions or the cycling of chloride that
is driven by a combination of physical forces (such as wind, water and fire) and
chemical forces (such as weathering, precipitation and ion-exchange), has been
studied for decades. The more complex biogeochemical cycling that involves the
formation, degradation and cycling of inorganic and organic chlorine com-
pounds is of younger age. Consequently, there is extensive information on the
geochemical cycling of chloride ions, but far less is known about the biogeo-
chemical cycle of chlorine as a whole. Here, I will sketch the outlines of the en-
tire cycle and construct a rough global budget to highlight more clearly those
parts of the cycle that are fairly well known and those components that are more
or less unknown.

This paper begins in the part of the ground where roots and soil organisms are
found, and the simplified chlorine cycle as described in Fig. 1. In the following
discussion, each of the components of the chlorine cycle in soil will be described
in detail. I start with the two major storages: soil and vegetation, and continue
with the fluxes as indicated in Fig. 1, ending with a rough outline of the global
biogeochemical cycle of chlorine in the terrestrial environment (Fig. 2).
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Fig. 1. A conceptual model of the chlorine cycle in the terrestrial environment. From the right
to the left the arrows illustrate: deposition of chloride; loss of inorganic chloride to the at-
mosphere; loss of chloride by leaching; transformation of chloride to organic chlorine (top-hor-
izontal arrow); mineralisation of organic chlorine to chloride (bottom-horizontal arrow); de-
position of organic chlorine; loss of organic chlorine by leaching and loss by the formation of
volatile chlorinated organic compounds (after [1])



2
Storages

2.1
Soil

2.1.1
Organic Chlorine

The past years of research have made it clear that organic chlorine is ubiquitous
in soil and that organic matter contains chlorine, in amounts similar to that of
phosphorus, which is only about one order of magnitude less than that of nitro-
gen and sulphur (Table 1). Topsoil samples have been collected from a number
of places around the world and the concentration of organic chlorine in soil
varies from a few micrograms per gram to milligram levels ([1–4]; Table 2). The
detection limit of the method is approximately 0.5 µg Clorg g–1 (d.w.) and no sam-
ples have so far been reported to contain concentrations close to this limit.

The Biogeochemistry of Chlorine in Soil 45

Fig. 2. A rough sketch of the global chlorine cycle. Storages are given in million tons of chlo-
rine and fluxes in million tons of chlorine per year



Even though the concentration of organic chlorine has been determined in soil
samples collected at various places around the world; the amount of organic chlo-
rine that is stored in soil has to the best of my knowledge only been determined
at five sites [4–6]). Three of these sites are situated in Scandinavia and two are sit-
uated in the Anhui Province in southeast China (Table 2). In one of these studies,
two hundred samples that had been collected within the Swedish National Survey
of Forest Soils and Vegetation during 1985–1987 were, among other things,
analysed for organic chlorine [4]. Concentrations of 210–500 µg Clorg g–1 soil (d.w.;
1st and 3rd quartiles) were found, which gave a median storage of 8.3 g Clorg m–2

of organic chlorine in the O-horizon. In another study, soil samples were collected
in a spruce forest soil in northwest Denmark in 1993. The storage was estimated
to be 14 g Clorg m–2 in the top 20 cm and 75 g Clorg m–2 when a depth of 60 cm was
taken into account [5]. In an ongoing study, ten soil cores with a depth of 15 cm
were collected in April 2000 in a catchment in southeast Sweden [6]. The concen-
tration of organic chlorine in the soil cores was 190–490 µg Clorg g–1 soil (d.w.; 1st
and 3rd quartiles), and the median storage was estimated to be 10 g Clorg m–2 in
the upper 15 cm. The storage of organically bound chlorine has also been deter-
mined in a forest soil and a paddy field that are situated in the Anhui Province in
southeast China. Approximately 30 samples were collected to a depth of 15 cm at
each site, and the amount stored in the soils was around 4.2 g Clorg m–2 in the for-
est soil and 2.5 g Clorg m–2 in the paddy soil [7].

2.1.1.1
An Estimate of the Global Storage of Organic Chlorine in Soil

In 1989, it was suggested that the organic chlorine content might be related to the
amount of organic matter in soil [12]. This conclusion is based on the observa-
tion that the chlorine-to-carbon ratio varies considerably less than the organic
chlorine concentration does. Since there are numerous estimates of the global
carbon storage in soil, a rough estimate of the organic chlorine storage can be
reached by combining carbon storage data with chlorine-to-carbon ratios. Ac-
cording to Schlesinger [13], the global carbon storage in the pedosphere is
1456 billion tons.

It appears as if the chlorine-to-carbon ratio in topsoil (the upper 15 cm) is in
general slightly below 1 mg Clorg g–1 C, but it appears as if the chlorine-to-carbon

46 G. M. Öberg

Table 1. Typical elementary composition of soil organic mat-
ter (After [1, 8–11])

Element Mass fraction in dry matter (%)

C 40–50
O 30–40
H 3–6
N 1–5
S 0.1–1.5
P 0.03–0.2
Cl 0.01–0.5
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ratio often increases with soil depth [8]. This suggests that an estimate that is
based on the assumption that soil organic matter in general has a chlorine-to-car-
bon ratio of 1 mg Clorg g–1 C is at risk of underestimating the organic chlorine
content in the pedosphere. The overall chlorine-to-carbon ratio in soil cores that
are deeper than 15 cm has only been determined at a site in northwestern Den-
mark [5]. The ratio clearly increased with depth from below 1 mg Clorg g–1 C in
the litter layer to above 7 mg Clorg g–1 C in the deeper layers. When the organic
chlorine storage is divided by the carbon storage in the six profiles that were
studied, the median chlorine-to-carbon ratio in the soil as a whole was found to
be 2.3 Clorg g–1 C. If we assume that this ratio is more valid as an average estimate
of the chlorine-to-carbon ratio in world soils and that the global carbon storage
is 1456 billion ton C, then the total storage of organic chlorine in the pedosphere
can be estimated to be 3350 million ton Clorg .

2.1.2
Chloride

Chloride is generally studied with regard to the transport (i.e. input versus output)
in a eco-system. Calculations are therefore most often based on measurements of
the concentration of chloride in soil-water and surface-water. Even though there
is numerous data on chloride concentrations in soil-water and surface water, data
on chloride concentrations with respect to soil on a weight basis is rare and 
information on the storage of chloride in soil is as a consequence also rare.

In the following discussion, I describe studies in which the authors have in-
vestigated the amounts of organic chlorine and chloride that are stored in the soil
(Table 2). The concentration of chloride in the two hundred samples that were
collected within the Swedish National Survey of Forest Soils and Vegetation dur-
ing the period 1985–1987 were 42–110 µg Cl– g–1 soil (d.w.; 1st and 3rd quartiles),
which gave a median storage of 1.8 g Cl– m–2 of chloride in the upper 15 cm [4].
The concentration of chloride in the ten soil cores that were collected in south-
east Sweden in April 2000 were 37–130 µg Cl– g–1 soil (d.w.; 1st and 3rd quartiles),
and the median storage was estimated to be 3.0 g Cl– m–2 in the upper 15 cm 
[6]. The storage of chloride at the two sites situated in the Anhui Province in
southeast China gave 7.6 g Cl– m–2 in the forest soil and 5.2 g Cl– m–2 in the 
paddy soil [7].

2.1.2.1
An Estimate of the Global Storage of Chloride in Soil

In summary, the amount of chloride in the abovementioned studies ranged from
2 to 8 mg Cl– m–2, but only the top 15 cm were taken into account. The median
concentration of chloride in these studies varied from 25 to 70 µg Cl– g–1 soil
(d.w). If we assume that the concentration of chloride is evenly distributed in the
soil profile and that the density of soil is on average 1 g cm–3 (d.w.), then these
figures allow us to approximate the storage in the top 2 m as 50–140 g Cl– m–2.
Graedel and Keene [14] have made an outline of the global geochemical chlorine
cycle.Among other things, they present a global estimate of the concentration of

48 G. M. Öberg



chloride ions in soil. This estimate assumes an average soil depth of 2 m as cal-
culated by Webb et al. [15] and a mean soil density of 1.0 g cm–3.According to Ari-
moto (personal communication as cited by Graedel and Keene [14]), the average
concentration of chloride in soil in the world should be about 100 µg Cl– g–1. This
renders a storage of chloride in soil of 200 g Cl– m2. Graedel and Keene do not
present or discuss the data that underlie the estimation and it is consequently not
possible to evaluate its accuracy. However, the chloride concentration they give
is of the same order of magnitude as the studies commented on above, although
the figure given by Graedel and Keene is in the higher span (Table 2). Conse-
quently, a storage of approximately 200 g chloride in the upper 2 m appears to be
a plausible figure.

Starting with the same assumptions as suggested by Graedel and Keene, that
is that the average soil depth over the continental areas that are not covered by
ice is about 2 m, that the mean soil density is about 1 g cm–3 and that the average
concentration of chloride in soil is 100 µg g–1, renders a total pedospheric reser-
voir content of about 24,000 million ton Cl–.

2.2
Vegetation

2.2.1
Organic Chlorine

It appears as if plant tissue in general contains organically bound chlorine. How-
ever, although more than 80 plant species are known to produce chlorometabo-
lites [16], few studies have dealt with the quantification of such compounds in
plants. In one study, eight plant species, representing different plant families were
analysed for the total amount of organic chlorine [17]. It was found that the con-
centrations varied from 0.07 to 0.1 mg Clorg g–1 (d.w.). In another study, common
beach leaves, spruce needles, sphagnum moss and bulk samples of grass were
found to contain 0.01–0.1 mg Clorg g–1 (d.w.) [18]. These studies indicate that the
concentration of organic chlorine varies among plants and it is likely that the
concentration also varies among different types of plant tissues within the same
plant (e.g. stem, leaves and bark). However, the data that has hitherto been col-
lected is too scattered to permit differentiated estimates for various types of
plants or plant tissues. A best estimate of the storage of organic chlorine in veg-
etation is thus achieved by assuming a chlorine-to-carbon ratio of all biomass.
On the basis of the studies by Nkusi et al. [17] and Asplund et al. [18], a ratio of
0.05 mg Clorg g–1 (d.w.) appears reasonable.

The discussion on global warming has led to intensified research into the size
and changes of the carbon storage in plants and soil, and numerous studies are
available on the subject. Plants form a major part of the biomass in an ecosystem,
but the amount of biomass of plants varies strongly between areas.According to
Houghton and Skole [19], the plant biomass in the major ecosystems of the world
varies from 0.3 kg C m–2 in deserts to 15 kg C m–2 in tropical wet and moist forests
(Table 3). If we assume that plant tissue in general contains 50% carbon and
0.05 mg Clorg g–1 C, the organic chlorine storage in the major ecosystem can be es-
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timated to range from 0.03 g Clorg m–2 in deserts to 1.5 g Clorg m–2 in tropical and
moist forests (Table 3). Based on the same assumptions, the global storage of or-
ganic chlorine in vegetation can be estimated to 56 million ton Clorg. The organic
chlorine estimates are based on the assumption that the chlorine-to-carbon ra-
tio is on average 0.1 mg Clorg g–1 C.

2.2.2
Chloride

All organisms contain chloride, which is mainly used to adjust the turgor and
ionic strength of the cells. In addition, it is well documented that chloride also
participates in certain essential processes such as photosynthesis [20]. From a
biogeochemical point of view, the amount of chloride in organisms is considered
as a temporary storage that varies with the amount of living organisms in the sys-
tem. The variation is largest in areas with pronounced seasons, as for example
during summer and autumn in the temperate regions, since this is the time when
life proliferates in these areas.

The storage of chloride in biomass can be estimated by combining the esti-
mates on biomass given by for example Houghton and Skole [19] and discussed
above (Table 3) with data on chloride concentrations in plant tissue. If we assume
that the average concentration is 0.9%, the total global storage of chloride in veg-
etation can be estimated to be approximately 10,000 million ton Cl–. However, the
concentration of chloride in plant tissue can range from as little as 0.03 mg g–1

(w/w) in severely deficient plant tissues to as much as several percent in plants
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Table 3. Area and mean plant biomass of the major ecosystems in the world ([19]) and  esti-
mated amount of organic chlorine stored in these systems. The organic chlorine estimates are
based on the assumption that the chlorine-to-carbon ratio is on average 0.1 mg Clorg g–1 C

Ecosystem Area Mean Carbon in Organic Organic
(1012 m2) plant vegetation chlorine in chlorine in

biomass (1015 g) biomass vegetation 
(kg C m–2) (g Clorg m–2) (1012 g Clorg)

Tropical wet and moist 10.4 15 156 1.5 15.6
forest

Tropical dry forest 7.7 6.5 49.7 0.65 4.97
Temperate forest 9.2 8 73.3 0.8 7.33
Boreal forest 15.0 9.5 143 0.95 14.3
Tropical woodland and 24.6 2 48.8 0.2 4.88

savanna
Temperate steppe 15.1 3 43.8 0.3 4.38
Desert 18.2 0.3 5.9 0.03 0.59
Tundra 11.0 0.8 9 0.08 0.9
Wetland 2.9 2.7 7.8 0.27 0.78
Cultivated land 15.9 1.4 21.5 0.14 2.15
Rock and ice 15.2 0 0 0 0
Global total 145.2 558.8 55.88



growing in salt marshes [21]. Lobert et al. [22] have made a compilation of the
chlorine content in various types of biomass. The focus of their study is the con-
tribution of biomass burning to chlorine emissions and it is thus not compre-
hensive regarding biomass in general. However, their compilation strongly sug-
gests that the chloride content in plant tissue in general is considerably lower
than 0.9%. It is shown that woody tissue often contains lower concentrations than
leafy tissue and that the concentration in temperate forests is in general lower
than in tropical forests.According to the compilation by Lobert et al. [22], woody
tissues on average contain 109 µg Cl– g–1 and 254 µg Cl– g–1 in temperate and trop-
ical areas, respectively. The leafy tissues contain on average 389 µg Cl– g–1 and
873 µg Cl– g–1, respectively, whereas grass on average contains 1022 µg Cl– g–1. By
combining these figures with the biomass estimates by Houghton and Skole [19]
and an assumption that leafy fraction of the biomass comprises 30% in forests,
90% in grasslands and 60% in deserts [13], renders a modified estimate of the
storage of chloride in vegetation. On the basis of these assumptions, the storage
in the major ecosystems of the world can thus be estimated to vary from 0.16 to
13.6 g Cl m–2 in deserts and tropical wet and moist forests, respectively. On the
basis of the same assumptions, the total global storage of chloride in vegetation
can be estimated to be 615 million ton Cl–.

3
Fluxes

3.1
Mineralisation of Organic Chlorine (Release of Chloride) and Formation of Organic
Chlorine (Consumption of Chloride)

The past decade of research has revealed that formation and mineralisation of or-
ganic chlorine actually takes place in soil [23–29]. Formation of organic chlorine
renders the soil to act as a sink of chloride, while a mineralisation of organic chlo-
rine renders the soil to act as a source of chloride.

There is strong evidence that various forms of biotic processes drive both the
formation and the degradation of organic chlorine. The numerous soil organisms
that are reported to have an ability to transform chloride to organic chlorine
compounds further strengthen this conclusion [30].A recent report suggests that
abiotic processes may also be of importance in the chlorine cycle [31]. However,
the rates of these processes are poorly understood and so far only net changes
have been studied in the field.

In a field study of decomposing spruce needles over 3–6 years, it was found
that a net formation of organic chlorine took place at a rate of approximately
50 µg Clorg g–1 until 30–40% of the litter was lost (i.e. after 3–4 years); thereafter,
the rate rapidly decreased to zero [24]. The net formation on an area basis was
estimated to be 0.036 g Clorg m–2 by combining the information from the former
study with litterfall data from a study at the Klosterhede plantation in northeast
Denmark [5]. In another study, the amounts of chloride leaching through soil at
different levels were investigated and the results indicate that as much as
0.2 g Cl– m–2 actually was withdrawn annually from the deeper layers as com-
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pared to the surficial layers (Sandén and Öberg, unpublished). The annual de-
position of chloride in the area has been estimated to be 0.7 g Cl– m–2 [32]. These
studies suggest that the formation of organic chlorine (consumption of chloride)
under prevailing circumstances was larger than the mineralisation of organic
chlorine (release of chloride). There are indications that the net formation de-
creases with nitrogen fertilisation and increases with decreasing pH [23, 24]. The
studies also indicate that the net formation varies seasonally with a maximum oc-
curring during autumn and a minimum during early summer in Scandinavian
soils.

All in all, these studies strongly indicate that internal net changes of the or-
ganic chlorine storage in soil are influenced by environmental variables. How-
ever, the rates of the two underlying processes (mineralisation/formation) have
so far not been separated and it is consequently not known if the observed net
changes are caused by a change in the formation, a change in the mineralisation
rate or a change in both. It is thus not possible to make even a rough estimate of
the formation/mineralisation of organic chlorine in soil on a global basis.

3.2
Wet and Dry Deposition

3.2.1
Organic Chlorine

Wet and dry deposition does in general contain organically bound chlorine
[33–37]. The concentration of organic chlorine in precipitation varies from a few
to around 30 µg Clorg L–1. If we assume an average concentration of 10 µg Clorg L–1,
the amount deposited in areas with high wet deposition (>2000 mm yr–1) via rain
and snow can thus be estimated to be about 0.02 g Clorg m–2. The deposition in ar-
eas with moderate to low wet deposition is thus estimated to be in milligram lev-
els. The origin of the organic chlorine in precipitation is unclear, but appears to
a major extent to originate from natural sources such as marine aerosols, volcanic
eruptions and other terrestrial sources and perhaps a photochemical formation
in the atmosphere.

The presence of compounds in throughfall that does not originate from pre-
cipitation is generally attributed to either external sources outside the actual site
or internal sources within the actual site. The former is often referred to as dry
deposition or leaf washing, while the latter is referred to as leaf/canopy leaching,
exudates, leachates, drip etc. A study of throughfall in a spruce forest in north-
west Denmark showed that the concentration of organic chlorine in the through-
fall was considerably higher than what is normally found in precipitation [38].
The deposition pattern suggested that the increase was mainly attributed to in-
ternal sources rather than dry deposition. This suggests that dry deposition is not
a major source of organic chlorine.

It has been shown that several specific organohalogens are often present in
precipitation. For example, DDT (dichlorodiphenyltrichloroethane), PCBs (poly-
chlorinated biphenyls), PCDDs (polychlorinated dibenzodioxins) chloroben-
zenes, chlorophenols and chloroacetic acids may be found in rain [36, 39–43].
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Such compounds can only explain a minor fraction of the total amount of or-
ganically bound chlorine in rain, since they are only detected in ppt or ppb lev-
els. From a chlorine budget perspective, the relative contribution from such com-
pounds is thus negligible. Several attempts have been made to determine the
chemical character of the bulk organically bound chlorine in precipitation [44,
45], but the major fraction has still not been identified.

The annual rainfall over land areas of the world is approximately
110,000 km3 yr–1 [14]. Assuming a median concentration of organic chlorine of
10 µg Clorg L–1 renders a total deposition of 1.1 million ton Clorg yr–1.

3.2.2
Chloride

Through the action of sea spray, chloride ions are widely transported from the
oceans and spread as wet and dry deposition over land and water. The wet de-
position is the amount of chloride that is brought to the ground with precipita-
tion (rain and snow), while dry deposition is the amount of chloride that is de-
posited as dust and the like. The wet deposition can be easily monitored, whereas
the dry deposition is rather difficult to determine. As a rule of thumb, it can be
said that the dry deposition is assumed to be about the same order of magnitude
as the wet deposition. The dry deposition mainly depends on the distance from
the sea, wind direction and topography. The concentration of chloride ions in
precipitation mainly depends on the distance from the sea and the wind direc-
tion. The amount of chloride that is deposited on the ground via precipitation de-
pends on the concentration of chloride in the precipitation in combination with
the amount of precipitation. Since the amount of precipitation varies strongly, the
deposition pattern of chloride via precipitation resembles, but is certainly not
identical, to the precipitation pattern. The annual wet deposition may be as high
as 10 g m–2, as on the Norwegian West Coast, or far below 0.01 g Cl– m–2, as on the
inland of the US [46, 47].

Assuming a median chloride concentration of 0.1 mg Cl– L–1, an annual wet 
deposition of 110,000 km3 yr–1 and twice as high dry deposition renders a global
deposition of 33 million ton Cl– yr–1.

3.3
From Vegetation to Soil

3.3.1
Litter

The net primary production (NPP) in an ecosystem is the total amount of bio-
mass formed by plants, including stem wood, branches, leaves, plants and roots.
A large fraction of the NPP is delivered to the soil as dead organic matter. Plant
litterfall appears to contain organic chlorine in general, which is in line with the
findings that plant tissue contains organic chlorine [16, 17]. Only a few studies
have focussed on the concentration of organic chlorine in plant litter, and even
fewer have focussed on quantitative estimates.
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A study on the deposition of organic chlorine via litterfall has been conducted
in a spruce forest soil situated in northwest Jutland in Denmark [5]. Litterfall was
collected every third month over a year. The average concentration of organic
chlorine in the needle litter was 0.1 mg Clorg g–1 of litter. The total deposition of
litter during the investigation period was 280 g m–2 (d.w.), which gave an input
of 35 mg Clorg m–2. Roots and ground vegetation were not included. So far, infor-
mation is actually only available on the organochlorine content of aboveground
parts from higher plants, whereas no information is available on roots or lower
plants such as ferns and mosses. It is clear that the annual growth and death of
fine roots contribute considerably to the soil organic matter content [48, 49]. The
transport of organic chlorine from plants to soil will therefore be underestimated
if only the litterfall is taken into account.

The annual amount of biomass that is brought to the ground through de-
composing roots and aboveground litter varies strongly among ecosystems and
the deposition decreases with increasing latitude from tropical to boreal forests
(Table 4). Global patterns of the deposition of plant litterfall are similar to global
patterns in net primary production [13]. In most terrestrial ecosystems, the ma-
jority of the NPP enters the decomposition sub-system as plant litter. Meente-
meyer et al. [50] used NPP models in combination with actual evapotranspira-
tion to predict global patterns of plant litterfall and estimated the annual
production of worldwide, aboveground litterfall to be 54.8 billion ton C. If we as-
sume that detritus in general has a chlorine-to-carbon ratio of 0.1 mg Clorg g–1

organic matter (d.w.), the flux from vegetation to soil can be roughly estimated
to be 5.5 million ton Clorg (Table 4).
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Table 4. A rough estimate of the annual transport of chloride and organic chlorine from plants
to soil in the world ecosystems. The estimates are based on the assumptions that all of the net
primary production enters the terrestrial system as detritus and that all detritus contains 0.9%
chloride and 0.1 mg Clorg g–1 organic matter (d.w.). The net primary production estimates are
from Houghton and Skole ([19])

Ecosystem Area Net primary Transport of Transport of
(1012 m2) production chloride organic chlorine

(g C m–2 yr–1) (g Cl– m–2 yr–1) (g Clorg m–2 yr–1)

Tropical wet and moist 10.4 800 7.2 0.16
forest

Tropical dry forest 7.7 620 5.58 0.12
Temperate forest 9.2 650 5.85 0.13
Boreal forest 15.0 430 3.87 0.09
Tropical woodland and 24.6 450 4.05 0.09

savanna
Temperate steppe 15.1 320 2.88 0.06
Desert 18.2 80 0.72 0.02
Tundra 11.0 130 1.17 0.03
Wetland 2.9 1300 11.7 0.26
Cultivated land 15.9 750 6.75 0.15
Global total 145.2



3.3.2
Throughfall

A study in a mature spruce forest in northwestern Denmark showed that the con-
centration of organic chlorine in the throughfall was considerably higher than
normally found in precipitation. The mean value of all samples gave an annual
deposition of 0.04 g Clorg m–2, which is in the same order of magnitude as the de-
position of organic chlorine via litterfall. It was found that the concentrations
were closely related to the distance to the closest tree. The annual deposition in
the samplers that were placed closer than one metre from a tree was around
0.06 g Clorg m–2 yr–1, whereas the deposition in samplers that were placed more
than two meters from a tree were less than 0.01 g Clorg m–2 yr–1. The studied for-
est is situated less than 10 km from the ocean and is exposed to strong westerly
winds. Previous studies have shown that the soil chemistry in the area is strongly
influenced by the ocean [51–53]. Dry deposition of particles and gases from ex-
ternal sources usually renders a deposition gradient from the forest edge and in-
wards, while compounds that originate from internal sources do not exhibit such
a pattern [54, 55]. No such pattern was observed in the discussed study. Fur-
thermore, the concentration of organic chlorine closely followed that of organic
carbon, which indicates a common source. It is generally agreed that the major
part of the organic carbon in throughfall originates from internal sources of a
forest [56–58]. Finally, the concentration of compounds that originate from in-
ternal sources is generally higher during the growing season than during the dor-
mant season. Such a pattern was observed for the organic chlorine in the dis-
cussed study. Substances that mainly originate from external sources, such as the
sea or fossil fuel combustion tend to show an opposite pattern [55].All in all, the
results of the study strongly indicate that the increased amount of organic chlo-
rine in throughfall as compared to precipitation, originate from internal sources
in the forest. The data on the transport of organic chlorine from vegetation to soil
via throughfall is far too weak to make even a rough estimate of the global trans-
port. However, the study in northwestern Denmark suggests that the contribution
from this source is of the same order of magnitude as the contribution from
aboveground litter. This suggests that the transport from vegetation to soil via
throughfall cannot be assumed to be negligible. This component is therefore 
included here in the budget and assumed to be half as large as the transport via
litterfall, that is 2.25 million ton Clorg .

The reason why litter contains organic chlorine is hitherto unknown. As it is
not uncommon for plants to be able to form such compounds [16], it is tempt-
ing to suggest that the chlorine content in litter is due to the plants themselves,
or perhaps microorganisms on the leaves that transform chloride to organic
chlorine.
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3.4
Through Soil to Groundwater

3.4.1
Organic Chlorine

The loss of organic chlorine by leaching is poorly understood. However, it is well
documented that organic matter is transported through soil with soil water. Con-
sequently, it can be concluded the transport of organic chlorine with soil leachates
cannot be neglected when a chlorine budget is to be constructed. The concentra-
tion of organic chlorine in soil leachates has been determined in a few cases.
A study of soil leachates collected at Klosterhede, southwest Denmark rendered
organic chlorine concentrations that varied from 70 to 250 µg Clorg L–1 (Grön 
and Öberg, unpublished) and the transport was roughly estimated to be
0.07 g Clorg m–2 yr–1. An ongoing laboratory study using soil cores that were col-
lected in a small catchment in southeast Sweden, incubated under controlled con-
ditions in climate chambers and irrigated with artificial rain, gave a concentration
of organic chlorine in the soil leachate of around 400 µg Clorg L–1 [6].Assuming that
this is representative of the actual catchment, the annual amount of organic chlo-
rine that is transported from the upper soil layers as soil leachate in the catchment
can be roughly estimated to be about 0.09 g Clorg m–2 yr–1. The annual transport
of water from land to the seas is about 47,000 km3. Assuming an average organic
chlorine concentration of 400 µg Clorg L–1 renders a global transport of 18.8 mil-
lion ton Clorg. However, the organic matter content in soil leachates in Scandinavia
as well as in the rest of the temperate to boreal region is considerably higher 
than in the warmer regions of the Earth. If we instead assume an average carbon
concentration of 50 mg L–1 in soil leachates around the world and an average 
organic chlorine-to-carbon ratio of 2 mg Clorg g–1 C, renders a concentration of
100 µg Clorg L–1 and a global transport of 4.7 million ton Clorg .

3.4.2
Chloride

Chloride ions easily follow the movement of water through soil. This is due to the
fact that the major structures in the soil matrix, such as organic matter and clay,
are negatively charged. Since the chloride ion also is negatively charged it is re-
pelled by the solid structures and, as a consequence, easily transported through
the soil by the movement of water. It has even been argued that chloride ought to
move faster through soil than the water as a result of its negative charge.Whether
this is the case or not, the movement of chloride is closely connected to the move-
ment of water. To understand the movement of chloride ions in soil, it is thus nec-
essary to understand the basic features of the hydrological cycle. In short, water
evaporates from the oceans to the atmosphere and is deposited over land as rain
or snow. Plants adsorb large amounts of the water that is deposited and a major
part is returned to the atmosphere as evapotranspiration from the leaves.

In cold, humid climates, the wet deposition is generally larger than the evapo-
transpiration and consequently, there is an excess of water in such regions. Ap-
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proximately 70% of the wet deposition is for example lost as evapotranspiration in
Scandinavia, which leads to an excess of approximately 30%. The excess of water
causes a downward movement of water through the unsaturated soil. Eventually,
the water reaches a depth where the soil is saturated (i.e. the ground water level).
Hence, in areas where the wet deposition exceeds evapotranspiration,chloride ions
that are present in precipitation are transported downwards in the soil profile.
Based on the assumption that chloride does not participate in any biological
processes, the concentration of chloride is considered to increase with depth in the
root-zone,since an increasing fraction of water is lost through evapotranspiration.

In dry and warm climates, evapotranspiration is larger than wet deposition,
which occasionally causes a water deficit. There is no movement of water down-
wards in the soil profile in such areas and, as a consequence, chloride ions and
under such circumstances other water-soluble compounds are enriched in the
top-layers. In periods of drought, there may even be a transport of chloride up-
wards from lower layers in dry periods when the water moves in that direction.
Eventually, such a movement will cause saltification of soil.

Human activities, such as irrigation and the use of road salt, have locally
caused an immense increase in the concentration of salt, occasionally making
these soils more or less sterile.

On a catchment scale, the dry deposition is generally calculated as the run-off
minus the wet deposition, since soil is assumed to act neither as a sink nor a
source of chloride. The assumption that the dry deposition on an average equals
the wet deposition is based on this assumption. Hence, all analyses of available
data follow this line of reasoning. On a global scale, transport from ancient salt
deposits is often included as a source when the transport to the oceans is under
consideration. Since such deposits are unlikely to influence the transport from
the pedosphere to the saturated zone of the groundwater, this source is not in-
cluded in the present budget. As no other model at present is at hand, the as-
sumption that the run-off equals the deposition is used here as a basis for the es-
timate of the run-off, that is 22 million ton Cl– yr–1.

3.5
From Soil and Vegetation to the Atmosphere

It is well documented that considerable amounts of volatile inorganic and or-
ganic chlorine compounds are formed in the pedosphere and transported to the
atmosphere through a combination of abiotic and biotic processes. The major
known sources are biomass burning and biotic formation by soil microorgan-
isms and vegetation.

3.5.1
Biomass Burning

Biomass burning is a major source of many atmospheric trace constituents [22].
Today, about 90% of the biomass burning is human induced and only a small
part is caused by natural phenomena such as lightning and lava efflux. Lobert at
al. [22] have conducted an inventory of global chlorine emissions from biomass
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burning as a part of Reactive Chlorine Emissions Inventory Activity (RCEI),
which is an activity of the Global Emissions Inventory Activity (GEIA) conducted
under the auspices of the International Global Atmospheric Chemistry (IGAC)
project. Nine discrete classes of biomass burning were estimated on a 1° latitude
¥ 1° longitude grid based on a biomass burning inventory for carbon emissions.
The estimated global emissions in the inventory are 640 ¥ 103 ton Clorg yr–1 for
CH3Cl, 49 ¥ 103 ton Clorg yr–1 for CH2Cl2, 1.8 ¥ 103 ton Clorg yr–1 for CHCl3 and
13 ¥ 103 ton Clorg yr–1 for CH3CCl3, which gives a total emission of volatile organic
chlorine of 0.7 million ton Clorg yr–1. In addition, the authors estimate the sum of
volatile inorganic and particulate chlorine to be 6.35 million ton Cl yr–1.

3.5.2
In Situ Formation in Soil

During the past few years, a number of studies have revealed that large amounts
of chlorinated volatiles are emitted from terrestrial sources [59–65]. Even though
the information is still very scattered, there is evidence that chloromethane, chlo-
roform and perhaps other chlorinated volatiles are formed in various ecosystems
such as coniferous forest soils, peatlands, (coastal) wetlands and rice paddy fields.
Various emission rates have been reported. For example, emissions of
chloromethane from coastal salt marches in the US were in one report recorded
in the span 0.2–1.2 g m–2 yr–1 [62], whereas a study of Irish salt marshes rendered
fluxes of 0.001–0.004 g m–2 yr–1 [61]. The latter study also reports fluxes from
coniferous forest floor of around 0.1 g m–2 yr–1.

The fluxes do not only appear to vary strongly among ecosystems but also di-
urnally and seasonally [59, 61]. The studies conducted so far have not been de-
signed to handle such variations and estimates made are consequently rather
rough and, as pointed out by several authors, it is still not possible to reliably
quantify the relative contribution from terrestrial processes to the atmospheric
burden (e.g. [63]).

The underlying processes in the formation of chlorinated volatiles in soil are
far from being fully understood. For example, it appears as if there are different
processing causing the formation of chloromethane and chloroform. A large
number of wood-rotting fungi and plants have been shown to produce
chloromethane through intracellular specific biochemical pathways [66–69]. In
addition, a recent study suggests that an abiotic formation of chloromethane in-
volving redox reactions with organic matter, iron and chloride may take place in
soil [31]. Even though it has been shown that several natural sources form chlo-
roform [60], it seems that fairly little is known about the biochemical pathways
of chloroform formation. It is known that enzymes with chloroperoxidase ac-
tivity may induce the formation of chloroform [70] and coniferous forest soil has
been found to exhibit chloroperoxidase activity [71, 72].As a consequence, it has
been suggested that the unspecific formation of chloroform in soil might be due
to exo-enzymatic activity.

In a review by Harper in this volume, the terrestrial formation (fungi, salt-
marshes, wetland, forest ecosystems) is estimated to be approximately 0.3 mil-
lion ton Clorg yr–1.Adding this to the known emissions from the oceans, biomass
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burning and human sources, then counting backwards from the known concen-
trations in the troposphere, this leaves a shortfall of 2.5–3.6 million ton that must
be attributed to unknown sources. The distribution pattern, with higher con-
centrations in the northern hemisphere and elevated concentrations over land
relative to over oceans, suggests that the currently unidentified sources must be
terrestrial and/or coastal in origin [61].

4
The Global, Terrestrial Chlorine Cycle

The aim of this paper was to draw the rough outlines of the terrestrial chlorine
cycle to more clearly elucidate and highlight those parts of the cycle that are fairly
well known and those components that are more or less unknown. The estimates
presented in this paper are summarised in Fig. 2.

If only the topsoil down to 15 cm is taken into account, the storage of organic
chlorine appears to be slightly larger or of the same order of magnitude as the
chloride storage. However, the concentration of organic chlorine follows the or-
ganic matter content of the soil, which decreases with depth, while the concen-
tration of chloride can be assumed to be more evenly distributed in soil horizons.
The estimated storage of chloride is as a consequence found to be about eight
times larger than the storage of organic chlorine when the upper 2 m of the pe-
dosphere is taken into consideration. The estimates presented in this paper ren-
dered a global storage of 3350 million ton organic chlorine and a storage of
24,000 million ton chloride. These calculations reveal that the organic chlorine
storage in the pedosphere is of such size that even small changes will influence
the transport of chloride in soil. The estimated storage in vegetation is consid-
erably smaller than the storage in the pedosphere.

The wet deposition of chloride is estimated to 11 million ton and it is assumed
that the dry deposition is twice as large and that the run-off equals the sum of the
dry and the wet deposition. This may appear as a paradox, since the underlying
assumption for this line of reasoning is questioned in this paper, that is that soil
neither works as a sink nor a source of chloride. However, since all available data
is based on this line of reasoning, all chlorine budgets so far constructed in-
evitably suffer from this tautology: dry deposition estimates are based on run-off
measurements and run-off estimates are based on assumptions about the size of
the dry-deposition. Hence, this is the best estimate we can get as long as the other
parts of the budget have not been more fully elaborated.

The estimated loss of 6.35 million ton Clinorg yr–1 in the form of volatile inor-
ganic and particulate chlorine as a result of biomass burning is based on labori-
ous calculations by the global emissions in the inventory, and appears to be one
of the most solid components of the budget. This can also be said for the estimated
0.7 million ton Clorg yr–1 from the same source. The remaining 3.3 million ton of
organic chlorine that are assumed to be emitted from terrestrial sources is the sum
of emissions from fungi, vegetation and unknown terrestrial sources as calculated
backwards from the amounts present in the atmosphere minus the known sources
[73]. The estimated loss of organic chlorine by soil leachate is of the same order
of magnitude as the estimated loss caused by volatilisation.
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It is clear that an internal chlorine cycle takes place in the terrestrial system
involving uptake and release of chloride and perhaps also an uptake of organic
chlorine compounds by organisms; formation of organic chlorine compounds by
soil organisms and plants; mineralisation of chlorinated organic compounds and
a transport of both organic and inorganic chlorine compounds with detritus
from the plant system to the soil system. The only components of this internal cy-
cle that have been quantified here are the transport from vegetation to soil via the
formation of litter and leaching by throughfall. The sum of these is estimated to
approximately 8 million ton yr–1.

From a catchment scale and upwards, none of the processes that comprise the
internal terrestrial chlorine cycle will influence the transport of chloride in the
system, as long as organic chlorine is not lost from the system by soil leachate or
as volatiles, or the size of the organic chlorine storage is considerably changed.
Hence, it is crucial to make more reliable estimates of the loss by leaching and
volatilisation to get a better picture of the relationship between the geochemical
cycling of chloride and the turnover of organic chlorine in soil. In addition, it is
crucial to analyse the circumstances that cause the soil system to act as a sink or
a source of chloride.

Two conclusions can be drawn from the present chapter even though the data
underlying many of the estimates are rather weak:

i) The organic chlorine storage appears to be of such size that even small
changes will influence the transport of chloride; and 

ii) The estimated loss of chlorine from the soil system via soil leachates and for-
mation of volatile chlorinated organics indicates that the soil system in gen-
eral acts as a sink of chloride. This in turn suggests that the dry deposition of
chlorine in general is underestimated.
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