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Introduction

Chlorides were previously considered chemically inert

substances in the environment, and chlorinated or-

ganic compounds were taken to be only of anthropo-

genic origin. The role of chlorine in the forest ecosystem

is, however, much more active and complex than

previously thought; adsorbable organic halogenes

(AOX) in the forest soil indicated their active role,1

whilst chloride is absorbed also by plants.2 Our recent

studies of the role of chloroacetic acids (CAA) in the

forest ecosystem3–9 showed that these compounds may

affect coniferous trees and play a role as intermediates

in the decomposition of soil organic matter (SOM).

Uptake of [1,2–14C]tetrachloroethylene and its bioox-

idation to [1,2–14C]trichloroacetic acid (TCA) in spruce-

needle chloroplasts was shown recently10. Enzymatic

TCA and chloroform formation in the forest soil

suggested earlier11 (see Eq.1) was reported only for

chloroform or for CAA in fulvic acid (FA) solution12 and

abiotic formation in humic acid (HA) suspensions later

on.13 Chlorination of SOM using chlorine-36 conducted

for another purposes was reported by Silk et al.14 and

Lee et al.15 Chlorinated aromatic structures were found

in decaying plant material16 as well as in chlorinated

fulvic acid.12 We show here microbial degradation of

CAA in the forest soil using carbon-14 and their

formation by natural spontaneous chlorination in the

forest soil as well as chlorination of SOM using

chlorine-36.

Results and discussion

Using [1,2–14C]TCA and dichloroacetic acid (DCA) and

radioindicator methods, CAA were found to be micro-

bially degraded to carbon dioxide and chloride while

chlorination of SOM was confirmed using chlorine 36.

An important factor is the action of soil microorgani-

sms but an abiotic chlorination is, however, not
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excluded.13,17 Differences in the degradation activity of

microorganisms for TCA in two forest soil horizons

under aerobic laboratory conditions is shown in Figure

1 and Table 1. Autoclaving sterilization suppressed the

biodegradation to negligible values and the residual

activity after TCA degradation belonged almost entirely

to the mass of microorganisms grown on it.

The ability of extracellular enzymes of chloroperox-

idase type (CPO) present in the forest soil to convert

chloride to chlorine radical, which then chlorinates

SOM, is shown in Figure 2. Chlorination of SOM may

start at aromatic structures coming from lignin, and

leads among others to TCA, DCA and chloroform,

which are then decomposed, leached or released from

the soil. The suggestions of Hoekstra11 and Fahimi

et al.13 are thus confirmed, showing both chlorination

possibilities of SOM, microbial as well as the abiotic

one. The binding of chlorine to aromatic structures was

shown by Flodin et al.16 and Niedan et al.12 The

experiments showed that almost ten percent of chlorine

added to soil O2 (depending on Cl�,Cox-content etc.)

were bound to the humic acid fraction (in 1 M KOH

extract) after a month; the remaining chlorine was

found as chloride in the first aqueous extract. Gamma

irradiation as well as autoclaving lowered chlorination

while dehalogenation of 36Cl-chlorinated HA added to

the forest soil was indicated; isolated [36Cl]HA lost its

radioactivity which then appeared in the aqueous

chloride extract. Thus both, microbial as well as abiotic

chlorination, were indicated together with dehalogena-

tion, which will be reported in more detail elsewhere

(Bastviken D, Thomsen F, Svensson T, Karlsson S,

Sandén P, Shaw G, Matucha M, Öberg G. Geochim

Cosmochim Acta, submitted for publication).

Chlorination of SOM may start at resorcinolic

structures coming from lignin, and leads among others

to TCA, DCA and chloroform, which are then decom-

posed or released from the soil. Isotope exchange of

Table 1 Radioactivity balance of the degradation experiments after 403 and 877h of TCA biodegradation in soils, the given values
(%) for 403h correspond to Figure 1

Soil sample/degradation time Radioactivity in soil
(combustion)

Radioactivity of
released 14CO2

Radioactivity of
[1,2-14C]TCA (decarbox)

Total radioactivity
(soil + 14CO2)

403h 877h 403h 877h 403h 877 h 403h 877h

O2–carrier-free TCA (A) 19.1 14.3 79.5 81.6 0.2 0.1 98.6 96.0
O2–isotopically diluted TCA (B) 38.9 13.1 58.9 78.3 22.0 0.6 97.8 91.4
A–carrier-free TCA (C) 15.4 12.8 81.1 82.8 0.6 0.2 96.5 95.6
A–isotopically diluted TCA (D) 96.6 n.d. 7.7 10.6 94.2 92.1 104.3 n.d.
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Figure 1 Microbial degradation of [1,2–14C]TCA in spruce-forest soil (horizon A and O2) amended with 396kBq of [1,2–14C]TCA,
i.e. with 17.5 (carrier-free) and 192lg (11 times isotopically diluted) TCA, in 50 g soil at the beginning: the curves show influence of
soil character on the released 14CO2 in the course of degradation at room temperature and 30% soil moisture; residual soil
radioactivity corresponds mostly to microorganisms biomass. At the end (after 17 days) the soil contained only 0.7 kBq
[1,2–14C]TCA from 76.4 kBq residual 14C–activity determined by combustion method (or 81.2 kBq estimated by substraction of the
released 14CO2 from the sample). The major part of the residual 14C–activity of experiments A and C belongs to radioactive microbial
biomass, less than 0.5% radioactivity (about 220Bq) was found as oxalic acid. The degradation rate is substantially influenced by
TCA level and soil character.
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36Cl-chloride with organochlorines (TCA, chloroform

and o-chlorophenol were tested at pH 4.6) has not been

ascertained, while CPO mediated substitution of

hydroxyl group by chlorine (in veratrylalcohol) and

dechlorination of chlorinated humic acids were indi-

cated. The more or less preliminary examination of the

formation and degradation of organochlorines in the

forest ecosystem showed thus a complexity of the

processes.

Acknowledgements
This work was supported by grants no. 522/02/0874

and 526/05/0636 of the Grant Agency of the Czech

Republic.

REFERENCES

1. Öberg GM. In The Handbook of Environmental

Chemistry, vol. 3, G. Gribble (ed.). Part P. Springer:

Berlin, 2003; 43–62.

2. Shaw G, Wadey P, Bell JNB. J Environ Qual 2004;

33: 2272–2280.
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(a) (b)

Figure 2 Chlorination of HA isolated from forest soil (spruce plot Baně): radio-TLC of extracted 36Cl-products (lower trace belongs
to the ether extract of 36Cl-CAA formed) and of the standards of [1,2-14C]TCA (Rf=ca. 0.65 ) and [1,2-14C]DCA (Rf=ca. 0. 45) (upper
traces) developed in n-butanol-ammonia-water (85:1:14 v/v). Visible yellowish spots (probably of chlorinated FA) remained at the
start on the left, DCA bound higher 36Cl-radioactivity than TCA. Chromatogram A – CAA formed by chlorination of HA suspension
(forest soil from the spruce plot Baně), B – traces of DCA and TCA spontaneously formed in the JHA soil (soil horizon A from Iser
Mountains). Figure available in colour online at www.interscience.wiley.com
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