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Abstract 

The Black Sea is characterised by an oxic surface water layer and anoxic deep water rich in both hydrogen sulphide and 
methane, and in between a suboxic zone with very low concentrations of both oxygen and hydrogen sulphide. This makes 
the Black Sea a useful site for the study of oxidation-reduction reactions in seawater. 

In this study, the distributions of tetrachloromethane, trichloromethane, l,l, 1 ,-trichloroethane, dibromomethane, dibro- 
mochloromethane and bromodichlorometbane across the oxic-anoxic intertace were related to the oxygen/hydrogen 
sulphide concentrations and thereby the redox potential gradient. 

All of the investigated halocarbons decrease rapidly in concentration as the oxygen decreases, most likely due to 
reduction. The results show that the higher the redox potential of a halocarbon, the higher up in the water column, i.e. at a 
higher oxygen level, reduction occurs. Most of the tetrachloromethane is transformed to trichloromethane as an intermediate 
product. 

1. Introduction 

1.1. The pathways of halocarbons in the marine 

environment 

Halogenated methanes, ethanes and ethenes 
(halocarbons) are widely found in the marine envi- 

ronment. Chlorinated and, to a lesser extent, bromi- 

nated halocarbons are widely used as solvents, clean- 
ing agents, in fire extinguishers and as intermediates 
in the chemical industry. To some extent, these 
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chemicals will eventually end up in the seawater. 
Halocarbons do not only have anthropogenic sources; 
there are also natural sources in production by ma- 
rine organisms. It has been shown, in monospecific 
cultures, that various bromo-, chloro- and bro- 
mochloro-methanes are being produced by benthic 
macroalgae and released to the water (Gschwend et 
al., 1985; Manley et al., 1992; Klick, 1993; Collen et 
al., 1994; Nightingale et al., 1995). Recently, Tokar- 
czyk and Moore (1994) showed that some species of 
pelagic phytoplankton also produce halocarbons. 
Furthermore, algae living in sea-ice produce bromi- 
nated methanes &urges et al., 1992) as well as 
iodinated hydrocarbons (Fogelqvist and Tanhua, 
1995). Halocarbons, such as tetrachloromethane 
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(Ccl,) and l,l,l-trichloroethane (CH,CCI,), are 
used together with chlorofluorocarbons (CFCs) as 
presumably conservative tracers for oceanic studies 
of large-scale mixing processes. 

Here we present results from an investigation in 
the Black Sea with special emphasis on the distribu- 
tion of the halocarbons between the oxic and the 
anoxic water masses. The compounds dealt with in 
this paper are: tetrachloromethane (Ccl,, carbon te- 
trachloride); trichloromethane (CHCl,, chloroform); 
1,l ,l-trichloroethane (CH,CCl,, methyl chloroform); 
dibromochloromethane (CHBr,Cl); bro- 
modichloromethane (CHBrCl,); and dibro- 
momethane (CH 2 Br, 1. 

There is a need for better understanding of the 
processes that are responsible for the removal of 
halocarbons in the environment. Several studies have 
been carried out under various conditions, both field 
experiments in natural environments and laboratory 
experiments, in order to elucidate the fate of halocar- 
bons in the environment both under the influence of 
microorganisms (e.g., the following articles and ref- 
erences therein: Little et al., 1988; Vannelli et al., 
1990; Lovley and Woodward, 1992; Semprini et al., 
1992) and abiotic processes such as a study on the 
transformation of Ccl, by pyrite (Kriegman-King 
and Reinhard, 1994). 

A few observations of degradation of halocarbons 
in oceanic seawater have been reported. Butler et al. 
(1991) observed an oceanic consumption of CH ,CCl 3 
in the tropical Pacific and a breakdown of Ccl, was 
observed by Krysell et al. (1994) in suboxic and 
anoxic water layers of the Gotland Basin in the 

Table 1 

Reduction of halocarbons, from Vogel et al. (1987) 

Baltic Sea. Wallace et al. (1994) made similar obser- 
vations in the Atlantic Ocean, in water layers with 
low oxygen concentrations. Observations of unex- 
pectedly low concentrations of Ccl, in the Black 
Sea Water flowing out through the Bosphorus Strait 
raised the question whether breakdown under the 
influence of the anoxic waters within the Black Sea 
might be the cause for the low concentrations 
(Fogelqvist et al., 1996). 

An overview of various chemical mechanisms for 
the transformation of halocarbon molecules is pro- 
vided by Vogel et al. (1987). Removal of halocar- 
bons may be of abiotic, mammalian or microbial 
nature. Abiotic processes are generally considered to 
be slow in comparison with biotic pathways, but may 
be of significant importance in the time-scales of 
ocean circulation. The mammalian pathway is of 
minor importance in the oceans, and is not consid- 
ered at all in this study. Microbial transformation, 
such as transformations catalysed by cytochrome 
P450, may be of great importance in the marine 
environment. Regardless of the nature of transforma- 
tion, halocarbons may be transformed by processes 
requiring electron transfers, i.e. reduction and oxida- 
tion, or by processes where no electron transfer takes 
place, i.e. substitution reactions, of which hydrolysis 
is considered important in seawater. In this paper, we 
will mainly deal with oxidation-reduction reactions, 
since the Black Sea water column is characterised by 
a gradient in redox potential. 

The carbon atoms in halogenated organics are at a 
higher oxidation level compared with hydrocarbons 
due to the presence of halogen substituents. The 

First step of reduction: 

;c-c,: 
Reduced Oxidized 

Y + compound + compound + X- 

Overall reaction, with three possible puthways of reduction: 

RX+H++2e- + RH+X- hydrogenolysis 

RX-RX + 2e- + R=R + 2X- dihalo-elimination 

2RX i- 2e- s R-R+2X- coupling 

The first step is the rate-limiting step. In the second step, the reaction follows one of three possible pathways. 
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greater the substitution with halogen atoms, the 
higher the oxidation level. Also, an increased num- 
ber of halogen substituents generally increases the 
redox potential of the com~und, as does replacing 
chlorine with bromine. The increase in redox poten- 
tial is supported by theoretical computational calcu- 
lations on the redox potential of halomethanes made 
by Waller and McKimrey (1993). Some transition 
metals and several biologically active electron donors 
found in the marine environment have iower redox 
potential than the halocarbons, and can be oxidised 
by them. These reactions may occur in both biotic 
and abiotic systems. 

Reduction reactions are described in detailed by 
Vogel et al. (I 987). Reduction of hal~~bons is a 
two-step reaction, in which the first step involves 
formation of an alkyl radical. This step is in most 
cases the rate-limiting step (Vogel et al., 1987). The 
second step follows one of three different reactions 
(Table 1). In the simplest reaction, a hydrogen atom 
substitutes for the halogen atom, a reaction called 
hydrogenolysis. Another possibility involves the loss 
of a second halogen atom and the formation of an 
alkene via dihalo-elimination. Finally, two radicals 
may join in a dimerisation, which is called coupling. 

For the halocarbons investigated in this study, 
dihalo-elimination cannot happen because of the 
constitution of the molecules. Of the remaining two 
possibilities hydrogenolysis is believed to be the 
most impo~ant, since the haloc~bon concen~ation is 
in the order of IO-” M, and the radical formed is 
thus far more likely to react with a hydrogen ion 
(IO-’ 44) than with a radical of its own kind. 

Some possible half-reactions are listed in Table 2, 
along with their redox potentials based on data from 
Vogel et al. (1987). The pH, temperature and halide 
ion concentrations are adjusted to the conditions in 
the suboxic layer in the Black Sea. All halocarbon 
concentrations are set to be equal. The redox poten- 
tial is calculated according to the Nemst equation for 
the following reaction: 

RX+H+-f-2e- * RHfX- (1) 

(2) 

where E is the redox potential at actual conditions; 
E” is the redox potential at the standard state; R is 

Table 2 
Reduction-oxidation half-reactions of halocarbons, oxygen and 
niuate 

Reaction E (V) 

40, + H+ +e- ;=t tH,O 100% Oz saturation 0.75 

$0, +Ht te- + iH,O 10% 0, saturation 0.74 

$0, +H+ +e- * $H,O 1% 0, saturation 0.72 

$X1, ++H+ +e- * fCHC1, f $I- 0.58 

$XBrCI, + jH+ fe- = $X,CI, + +Br- 0.56 

fC~~r~CitfH+ +e- + +CH,B~CI+;W 0.55 

$HBrzC1+$Ht+e- + fCHaBr,-t+CI- 0.51 

$-CHB~CI~ ++i+ -t-e- s +CH,B~CI+:W 0.48 

$H,CCI, + in” Se- + $H,CHCI, -t-~CI- 0.48 

$XC1, + $H’+ -t-e- T+ fCH,Cl, i $I- 0.47 

$H,Bra + $H’ -t-e- = $CH,Br+ $Br- 0.43 

$NO; + $H’ -l-e- + hN,(,, + $H70 0.65 

fN0; + H+ t e‘- + fN0; + t&d 0.38 

The redox potentials for halocarbons are taken from Vogel et al. 
(1987) recalculated to the conditions in the suboxic zone in the 
Black Sea (pH = 7.75, T = 8.25”C, chloride activity = 0.32 M 
and bromide activity = 0.0005 M), white the concentrations of a 
halocarbon and its product ate equal. Redox potentials for oxygen 
and nitrate are calculated, for the same conditions, from listed 
E”-values (Handbook of Chemistry and Physics, 1986). 

the universal gas constant; T is the absolute tempera- 
ture; n is electron equivalents transferred; and F is 
Faraday’s constant. 

It is worth noticing that all the halocarbon reduc- 
tions have higher reduction potentials than that of 
nitrate to nitrite. This imphes that halocarbons are 
potential electron acceptors, and might serve as such 
when the oxygen concentration decreases. Reduction 
is thus favoured thermodynamically by the high re- 
dox potential for hal~~bons, but no info~ation 
about the kinetics for the reaction is obtained. A 
slow rate of reaction will, of course, restrict the 
reduction of halocarbons in nature. However, a 
semi-empirical relation, based on the Marcus relation 
(Eberson, 1987), between the one-electron redox po- 
tential of an organic compound and the rate of 
reduction has been developed. This relation has been 
used to estimate rates of reduction for halocarbons 
(Curtis and Reinhard, 1994) with good agreement to 
ex~rimen~1 results. Tratnyek et al. (1991) conclude 
that one-electron redox potentials are good molecular 
descriptors with which to correlate the specific rates 
of reduction. In this relation, the rate constant, kk,, 
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for the rate-limiting first step in reduction of halocar- 
bons is dependent on the redox potential of the 
electron acceptor, E,, , and the redox potential of 
the electron donor, E,, by: 

log kXx = ci- *n3fRT(Ei7x-ED) +P 

where R is the universal gas constant; T is the 
absolute temperature; n is electron equivalents trans- 
ferred; F is Faraday’s constant; and (Y and B are 
empirical constants. In a natural system like the 
Black Sea it is difficult to address one single electron 
donor and hence to determine its redox potential. 
However, assuming that the same electron donor is 
active in the reduction of all the halocarbons investi- 
gated here and that the constants ct and B are the 
same, then the reduction rate is higher for those 
halocarbons with higher redox potentials. 

A typical, and for our discussion very important 
feature of the Black Sea is the existence of a suboxic 
zone between the oxic and the anoxic waters (Codi- 
poti et al., 1991; Bastiirk et al., 1994; Murray et al., 
1995). The suboxic zone is roughly at crO values 
between 15.65 and 16.15, the water above it being 
oxic and the water below anoxic, and is characterised 
by low concentrations of both hydrogen sulphide 
(< 5 l~.Ml and oxygen (< 10 p,M) and is generally 
20-50 m thick. The water column of the Black Sea 
with its well-defined oxygen gradient, and thereby a 
gradient in redox conditions, is the scene for many 
reduction-oxidation reactions and is a suitable loca- 
tion to study such reactions in the marine environ- 
ment. 

In this paper we present the distribution of some 
halocarbons and their concentration changes with 
depth of the water column. We will relate these 
changes to the oxygen and hydrogen sulphide con- 
centrations and discuss possible pathways for their 
transformation in the oxic-anoxic interface. 

In this paper we present results from five deep 
stations in the southern part of the western basin of 
the Black Sea. 

2. Methods 

1.2. The study area 2.1. Sampling 

The Black Sea is the worlds largest permanently 
anoxic basin. It receives fresh water input from 
precipitation and river run off that exceeds the rate 
of evaporation and thus there is a surface water layer 
with relatively low salinity. Below the surface layer 
there is a deep water mass with an inflow of high- 
salinity water of Mediterranean origin through the 
Bosphorus Strait (&soy et al., 1993). Between these 
two water masses there is a shallow, salinity-depen- 
dent density gradient that prevents ventilation of the 
deep layer. Due to the oxidation of sinking organic 
matter from the euphotic zone, the deep water be- 
comes anoxic and rich in both hydrogen sulphide 
and methane. The Black Sea water turns anoxic at 
- 100-m depth and remains so down to the bottom 
at > 2000 m. Although the depth of the pycnocline, 
with the shift from oxic to anoxic conditions, varies 
slightly from one location to another, the density 
surface where the shift occurs is well defined and 
consistent throughout the Black Sea. Therefore, plots 
of properties versus density (measured as sigma-theta, 

Data presented in this study were collected 19-20 
December 1993 on R/V “Bilim” of the Institute of 
Marine Sciences (METU). Five offshore stations in 
the deeper parts of the Black Sea were selected for 
this study in order to eliminate possible effects from 
the coast and from shelf sediments. Twelve samples 
were taken at each station, with emphasis on the 
depths in and around the suboxic layer, but with less 
resolution in the surface and the deep water masses. 
Water samples were collected with Niskin samplers 
(General Oceanics, U.S.A.), mounted on a rosette 
with a CTD sonde (Seabird SBE-9, U.S.A.), supply- 
ing salinity and temperature data. 

2.2. Nutrients, oxygen, hydrogen sulphide 

Measurements of nitrate, nitrite, phosphate, sili- 
cate, oxygen and hydrogen sulphide were made by 
technical staff from IMS-METU on board the ship 
immediately after sampling. Nutrient determinations 
were performed with a Technicon II Autoanalyzer. 

ue) are more useful than property-depth profiles, 
when investigating chemical reactions within the re- 
doxcline. 
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Oxygen was measured by a modified Winkler method 
according to Carritt and Carpenter (1966). Hydrogen 
sulphide measurements were made by iodometric 
titration (Fonselius, 1983). Before the water samples 
were transferred into titration flasks, all flasks and 
reagents were flushed with oxygen-free argon gas for 
l-2 min. 

2.3. Halocarbons 

Subsamples for halocarbon determinations were 
drawn into lOO-ml ground glass syringes and stored 
under seawater prior to analysis, which was per- 
formed within 5 hr of sampling. The halocarbons 
were measured with purge-and-trap sample work-up 
followed by gas chromatographic separation and de- 
tection by electron capture detector. A similar analyt- 
ical setup is described by Krysell and Nightingale 
(1994). A sample volume of 40 ml was injected to 
the purge-and-trap system. The halocarbons were 
stripped off by bubbling with an inert gas (N,) at a 
flow rate of 80 ml min-’ for 20 min. The halocar- 
bons were passed on to a cold trap consisting of an 
open stainless-steel tube (0.5 m long and ID 0.75 
mm), immersed in the vapours of liquid nitrogen in a 
Dewar flask at a temperature of about - 150°C. The 
trap was then heated with boiling water. The halocar- 
bons were desorbed and transferred to the gas chro- 
matographic column. Two lines of the entire analyti- 
cal procedure worked in parallel employing two 
separate fused silica columns (J&W, DB 624, 75 m 
long and ID 0.53 mm> in the gas chromatograph 
(Varian 3400 GC) with two electron capture detec- 
tors. The GC oven was temperature programmed 
from 70°C , with a hold time of 4 min in the 
beginning of the chromatographic run, to 140°C with 
a temperature increase of 5°C min- * , after which the 
oven was kept at the higher temperature for 4 min. 
The two parallel lines allowed analysis of - 5 sam- 
ples per hour. The standardisation of Ccl, and 
CH,CCl, was accomplished by comparison with a 
gaseous standard, introduced into the purge flow 
through a loop valve. The gaseous standard was 
calibrated against the known concentration of Ccl, 
and CH,CCl, in marine air. We assigned a mixing 
ratio of 109 + 5 ppt for Ccl, and 145 + 7 ppt for 
CH,CCl, in the marine air over the Black sea in 
December 1993 (CC1 4 data from J.H. Butler, 

NOAA/CMDL, pers. commun.; CH,CCl, data from 
Prinn et al., 1995). For standardisation of other 
halocarbons, a liquid standard, gravimetrically pre- 
pared in Turkey shortly before the cruise and diluted 
into methanol during the cruise, was injected into the 
stripping chamber through a valve with an internal 
loop of 2-~1 volume. Stripping efficiencies were 
measured and compensated for. The detection limits 
range from 0.01 pM for Ccl,, 0.1 pM for all 
brominated halocarbons, 0.5 pM for CH,CCl, and 1 
pM for CHCl, with an uncertainty of the measure- 
ments which is estimated to be within + 10%. 

3. Results and discussion 

3.1. oxygen 

Displayed in Fig. 1 are the oxygen and hydrogen 
sulphide concentrations for the five stations exam- 
ined. The hydrogen sulphide data were inversely 
correlated with oxygen concentration, calculated on a 
molar basis, where 1 mol of H,S is equivalent to 2 
mol of 0, since 2 mol 0, of is required for oxida- 
tion H,S of to sulphate (Fonselius, 1969). Thus, a 
negative oxygen concentration in Figs. 1 and 5 de- 
notes the presence of hydrogen sulphide. In the oxic 
zone there is a continuous oxygen gradient from the 
subsurface maximum down to (TV = 15.6. Between 
ue 15.6 and 16.3 both oxygen and hydrogen sulphide 
are very close to zero (0, concentrations within 

40 

Fig. 1. Oxygen concentration versus density at five offshore 
stations in the Black Sea. A negative oxygen concentration de- 
notes the presence of hydrogen sulphide (calculated on a molar 
basis, see text). The suboxic zone between u, 15.6 and 16.3 is 
marked with broken lines. 
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Fig. 2. Nitrate, nitrite and phosphate concentrations versus density 
at one of the stations (L4OL.50). 

f 10 p,M), which we define as the suboxic zone 
during our survey. At zero oxygen level, the water is 
truly anoxic. The redox potential of seawater de- 
pends on the redox reaction referred to, and does not 
have a unique value. This is due to the fact that free 
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electrons do not actually exist in the water, and that 
redox equilib~um is seldom reached in low-tempera- 
ture environments in the sea. Furthermore, the use of 
electrodes is restricted in natural systems, since there 
are many significant redox couples encountered, to 
which they do not respond. Different redox couples 
can be used for describing a system’s redox poten- 
tial, such as nitrate reduction, Fe(II1) reduction, sul- 
phate reduction and production of methane. The use 
of H, concentration for analysing the redox chem- 
istry of groundwaters has been suggested by Lovley 
et al. (1994). We have chosen the 0, and H,S 
concentrations as indicator of the gradient in redox 
potential. 

A redoxcline is defined as the water layer where 
major shifts in the chemical composition of the water 
due to redox reactions take place. In the Black Sea, 
the redoxcline coincides with the suboxic zone. 
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Fig, 3. Halocarbon concentrations versus density at five stations superimposed upon each other. The stations are marked with different 
symbols (+ = L4OL20; A = MOOL20; X = MOOLSO; 0 = L4OI.50; 0 = L3OL.50). The halocarbons are: (a) tetrachloromethane (WI,); 
(b) trichloromethane (CHCI& (c) l,l,l-trichloroetbane (CN,CCL,); (d) dibromometbane (CH,Br,); (e) brorn~icbIomme~~~ (CHBKX,); 
and (f) dibrom~hlorome~~e fCHBr,CI). The suboxic zone between rr, 15.6 and 16.3 is marked with brokea lines. 
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3.2. Nutrients 

The nutrient profiles from one of the stations 
(L4OL.50, at position 41”40’N; 29YO’E) are shown in 
Fig. 2. Nitrate values are very low in the upper layer, 
increase towards depth due to nitrification of organic 
matter, and reach a maximum value at oe 15.5, 
which is the level where oxygen drops below 10 
FM. Under this maximum, nitrate values decrease 
due to reduction (denitrification), i.e. nitrate is used 
as an electron acceptor instead of oxygen. The nitrate 
reaches zero concentration at (TV = 16.0. The nitrite 
profile shows a rather weak maximum just below the 
zone of denitrification, as would be expected, since 
nitrite is an intermediate product in the process of 
denitrification. The phosphate profile is affected by 
scavenging by MnOzcs) and FeOOH,,,. For a more 
detailed discussion on the distribution of nutrients in 
the suboxic zone in the Black Sea, see Murray et al. 
(1995). 

3.3. Halocarbons 

The results of the halocarbon compounds are 
plotted versus density in Fig. 3. They are presented 
with all five offshore stations superimposed upon 
each other. The plots in Fig. 3 have one thing in 
common; the halocarbons show relatively high sur- 
face concentrations which decrease with depth to 
below the detection limit in the anoxic zone. 

Tetrachloromethane is depleted from the water 
column at a shallower level than any of the other 
halocarbons. This can be explained by the differ- 
ences in redox potentials (see Table 2) between the 
compounds, Ccl, having the higher redox potential 
and therefore being reduced more readily. When 
CC1 4 is reduced, the first reduction product is CHCl 3. 
Fig. 3a and b shows that the CHCl, concentration 
has a maximum at uB 15.5, which is where Ccl, has 
decreased to levels below 1 pM, i.e. N 10% of its 
highest level close to the surface. This apparent 
relation between Ccl, and CHCl, is illustrated in 
Fig. 4, which shows the two halocarbons plotted 
versus density at one of the stations (L4OL50). The 
increase in concentration of CHCl, between o0 14.2 
and 15.7 is of the same order of magnitude as the 
decrease of Ccl,. A simple explanation would be 
that a large portion of Ccl, is reduced to CHCl,, 

Fig. 4. Tetrachloromethane (Ccl,) and trichloromethane (CHCI,) 

at one of the stations, L4OL50, versus density. 

and that CHCl, is an intermediate product in the 
reduction of Ccl, in the marine system. Similar 
observations have been made in the Baltic Sea (S. 
Klick, E. Fogelqvist and T. Tanhua, unpublished 
results). At depth, where the oxygen concentration 
drops below 10 p M, CHCl, is further reduced and 
subsequently removed from the system. 

Similar correlations for other reduction reactants 
and products than Ccl, and CHCl, could, however, 
not be established. This is in part due to analytical 
difficulties, e.g. for the redox couples CH,CCl, to 
CH,CHCl, (sensitivity problems) and CHCl, to 
CH,Cl, (contamination problems), and partly due to 
large differences in concentrations, e.g. CH,Br, is a 
factor ten higher in concentration than the possible 
precursor CHBr,Cl. 

One cannot neglect other processes that may cause 
the observed increase in CHCl,: e.g., in situ produc- 
tion by planktonic algae, the possible effect from 
production by macroalgae living along the coasts 
(Nightingale et al., 1995), or hydrolysis of larger 
halogenated molecules through the so-called halo- 
form reaction. It is also important to keep in mind 
that the main source of Ccl, is in the atmosphere, 
and that a decrease in concentration towards depth 
can be expected even without any removal mecha- 
nism involved. However, as we are investigating the 
transformations in an environment with a dramatic 
gradient of increasingly reducing conditions with 
depth, it is reasonable to assume that the effects that 
are so obviously correlated with this gradient could 
be explained by redox reactions. Degradation by 
ammonia-oxidizing bacteria as described by Vannelli 
et al. (1990) would have reduced the halocarbon 
concentrations in the oxic water layers, where nitrifi- 



166 T. Tanhua et al. / Marine Chemistry 54 (1996) 159-170 

cation occurs, but this was not observed. In fact, 
none of the investigated halocarbons were removed 
to any extent in the zone of nitrification, except 
Ccl,, which was not degraded in the study described 
by Vannelli et al. (1990). 

The decrease in halocarbons over the redoxcline 
might also be a result of other chemical processes, 
the most plausible of which would be hydrolysis. A 
decrease in the concentration of a halocarbon to less 
than 1% of its initial value would take N 7 times the 
half-life of the reaction. Jeffers et al. (1989) mea- 
sured the rates of hydrolysis at various pH and 
temperature conditions, and claim that the hydrolysis 
rate is not a pH-dependent but a strictly 
temperature-dependent first-order reaction. Ccl, 
would have a half-life of N 1000 yr under the 
conditions that are considered typical for the suboxic 
zone. The half-life of CHCl, would be considerably 
longer (Mabey and Mill, 1978). The residence time 

. 
- 13 20 

of the deep water in the Black Sea is estimated to 
2000 yr (6stlund and Dyrssen, 19861, so hydrolysis 
alone is not fast enough to explain the steep gradient 
over the redoxcline. However, some of the bromi- 
nated halocarbons might have half-lives which are 
shorter than 100 yr under the same conditions, and 
hydrolysis may therefore have an impact on the 
decrease of those compounds. 

The rates of the reduction are difficult to estimate, 
as they are dependent on the electron donors avail- 
able and eventual catalysis by enzymes like cy- 
tochrome P450. However, they are positively corre- 
lated with the redox potentials by the Marcus rela- 
tion. In other words, the reduction rates for Ccl,, 
CH,CCl, and CHCl, decrease in the same order as 
the redox potentials. Results from an investigation of 
reduction of halocarbons catalysed by iron por- 
phyrins at neutral pH conditions (Klecka and Gon- 
soir, 1984) gives pseudo-first-order reduction half- 

b e 

Fig. 5. Halocarbon concentrations versus oxygen concentration at five stations superimposed upon each other. The stations are marked with 
different symbols (+ = L4OL20; A = MOOL20; X = MOOLSO; 0 = L4OL50; 0 = L3OL50). A negative oxygen concentration denotes the 
presence of hydrogen sulphide (calculated on a molar basis, see text). 
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lives for the same compounds of 9 min, 12 days and 
420 days, respectively. This is orders of magnitude 
shorter than the half-lives of hydrolysis. 

The concentrations of all six halocarbons in Fig. 3 
decrease as the water becomes more reducing. We 
have already discussed the fact that Ccl, is depleted 
higher up in the water column than any of the other 
halocarbons. This is even more apparent in Fig. 5, 
where the halocarbon concentrations are plotted ver- 
sus oxygen/hydrogen sulphide concentrations. CC1 4 
shows a significant decrease already at fairly high 
oxygen concentrations (20-30% left at 200 p,M 
0,). For the other halocarbons there is a dramatic 
decrease in concentration at zero oxygen concentra- 
tion. This is important, since it will restrict the use of 
CCI, as a conservative tracer of ocean circulation, 
not only in anoxic waters, but also in oxygen-de- 
pleted waters such as oxygen minima that occur 
around 1000-m depth in the ocean. 

Fig. 6 gives an indication of where in the water 
column the halocarbons are depleted. The redox 
potentials for the one electron reduction reaction of 
the halocarbons are plotted versus the density where 
the halocarbon concentration has decreased to & of 
its maximum concentration, as a measure of the 
depth where depletion of halocarbons occur. A corre- 
lation in this plot would indicate that, in fact, reduc- 
tion is the main mechanism for removal of halocar- 

bons in the Black Sea. Two of the halocarbons 
(CHBrCl, and CHBr,Cl) appear twice in Table 2 
since two reduction products are possible. Conse- 
quently, the reactions have different redox potentials, 
of which only the higher is plotted. The reduction of 
NO; is complicated by the fact that so many differ- 
ent oxidation states are possible for N. The fact that 
NO; is depleted at shallower depths than the halo- 
carbons is in accordance with reduction of NO; to 
N2, which has a high redox potential (E = 0.65 V; 
Murray et al,, 1995). There seems to be a correlation 
between the “depletion depth” and redox potential, 
which supports the conclusion drawn, that reduction 
is the dominating breakdown mechanism in sub- 
oxic/anoxic waters. 

The concentrations of the brominated halocarbons 
CH,Br,, CHBrCI, and CHBr,CI displayed in Fig. 3 
are comparatively low close to the surface (a, < 
14.5) followed by a layer of high concentration. It is 
possible that there is a source at a subsurface layer 
due to algal production, or a loss by evaporation 
through the surface. Deeper down the concentrations 
decrease through the suboxic and into the anoxic 
zone, where the concentrations are below the limit of 
detection. It seems reasonable to draw the same 
conclusion as for Ccl,, CHCl, and CH,CCl,, i.e. 
that these compounds are removed by means of 
reduction. However, as mentioned above, the rates of 
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Fig. 6. Redox potentials of the halocarbons versus the “depletion depth”, which is the density surface where the halocarbon concentration 
drops to less than 10% of its maximum value. The redox potentials are adjusted to the conditions considered typical for the suboxic zone 
(see text). The values for reduction of NO; to N, and 0, to H,O are also shown for comparison. The broken lines divides the water 
column into three significant different redox regimes; the zones of nitritication, denitrification and sulphate reduction. 
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hydrolysis might be high enough to constitute an 
alternative breakdown mechanism for brominated 
halocarbons. 

From the distribution of halocarbons presented in 
this study, it is not possible to draw any conclusions 
whether the observed reduction of halocarbons are 
bacteria-mediated processes or pure chemical trans- 
formations, nor is it possible to ascribe any particular 
reducing agent as the active one. It is likely that a 
variety of reducing agents are active and probably 
emanate from organic matter sinking through the 
water column. In the Black Sea, there is a substantial 
flux of particulate organic matter (POM) from the 
photic zone and a remineralisation in the upper 100 
m of the water column (Karl and Knauer, 1991). 
Decaying organic matter is furthermore likely to 
contain free iron porphyrins (as well as a number of 
other electron carriers available in living systems) 
available for catalysing the reduction of halocarbons. 
A number of other transition metal complexes in- 
cluding cobalt, chromium and nickel complexes, may 
also be involved in the reduction of halocarbons in a 
similar way. 

Not only are the transition metal complexes active 
in reduction, but the free transition metal ions are 
also. Results reported by Klecka and Gonsoir (1984) 
indicate that free Fe(R) ions enhance the reductive 
dehalogenation of carbon tetrachloride to chloroform 
in aqueous solution, although at a slower rate than 
the transformation with iron porphyrins present. In 
the Black Sea, there is a concentration maximum of 
Mn, Fe and Co at the oxic-anoxic interface 
(Haraldsson and Westerlund, 19881, where these 
compounds are cycled between their reduced, soluble 
state and their oxidised, insoluble state and concen- 
trated. It is possible that free Mn(II), Fe(R) and 
Co(II) could play an important role in the reduction 
of halocarbons in the marine environment. 

4. Final remarks 

Halocarbons, such as CC1 4 and CH,CCI 3, are 
used as presumably conservative tracers for oceanic 
studies of large-scale mixing processes. The fact that 
halogenated halocarbons are so easily reduced in 
oxygen-depleted environments, not necessarily com- 
pletely oxygen free, is a cause for concern when 

Ccl, and CH,CCl, are used as tracers. In fact, this 
study indicates that Ccl, might be reduced in seawa- 
ter already at an oxygen concentration of 200 FM. 
These results are in accordance with previous find- 
ings of unexpectedly low Ccl, concentrations in 
oxygen-depleted waters (Krysell et al., 1994). Re- 
duction might be the unexpected sink for Ccl, in the 
South Atlantic Ocean observed by Wallace et al. 
(1994). 

Whatever mechanism is responsible for the break- 
down of halocarbons in the marine environment, the 
extremely low concentrations (pM ranges) imply 
that the reactions have very little impact on the 
system as a whole (metal speciation, nutrient distri- 
bution, etc.), but is significant only for the halocar- 
bon chemistry itself. Our conclusion that halocarbons 
are readily reduced in a natural system with low 
oxygen concentration points to a possibly important 
sink for organohalogens. 
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