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In the following sections, the term ‘organcchlorine’ is used when discussing specific chlorinated compounds or
pulp mill effluents or sediments that are clearly affected by BKME. The term ‘organohalogen’ is used when the
source of the organic halogen is none of the above, or when describing material that contains halogens other
than chlorine, or matcrial that is of natural or unknown origin.
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Sedimentation, distribution, sources and
properties of organic halogen material in the
Gulf of Finland

Harri Kankaanpdd

Finnish Institute of Marine Research, P.O. Box 33,
FIN-00931 Helsinki, Finland

Kankaanpdd, H. 1997. Sedimentation, distribution, sources and
properties of organic halogen material in the Gulf of Finland.
Monographs of the Boreal Environment Research No. 6, 1997.

Abstract

In Gulf of Finland sediments, non-specific sum parameters for organic compounds, extractable
organic halogen (EOX) and adsorbable organic halogen (AOX) were used to estimate total
organohalogen levels and the distribution of organohalogens from both natural and anthropo-
genic sources. Estimations of the coverage, natural production and total amounts of halogen-
ated organic material were made using mainly EOX, !37Cs dating, and sediment trap studies.
Geographically, the study concerns mainly the Gulf of Finland, but includes some parts of its
catchment area. Sediments for the organohalogen analyses were collected from 113 coring
sites around the study area, and from two sites in the Gulf of Bothnia and also from the Wed-
dell Sea, Antarctica.

An AOX method for marine sediments was applied first to sediments from Bothnian Bay,
from the vicinity of a pulp mill, where total organohalogen concentrations reached 590 pg Cl
gl dw in the surface sediment. The same method was later used for Gulf of Finland sediments.
A modified EOX method was applied to quantify lipophilic organohalogens in sediments. The
analytical methods were validated and found reliable. The contribution of interfering inorganic
halides was negligible. The EOX method was also used in combination with a SEC-HPLC
method developed for determining molecular weight distribution of sediment extracts. The
AOX and EOX results from the non-polluted areas indicated that, in the non-polluted areas, the
total organohalogen levels were high (up to 10-13 pg Cl g'! dw or 150-200 pg Cl g'! C meas-
ured as EOX) compared with the levels of specific organochlorine compounds chlorophenolics,
PCBs, DDTs and organochlorine pesticides.

HPLC, MS, and NMR techniques were used to characterise the organic compounds present
in the EOX pool. The molecular weight distributions revealed practically no differences
between polluted and natural sediments. The similarity of the MWDs in all samples suggested
that the pollutants from pulp mill effluents bind to the dominating natural organic material.
The molecular weight distribution and the results of spectrophotometric analyses showed that
the extractable organic material is very homogeneous in Gulf of Finland sediments, and proved
that molecular weight distribution cannot be used as an indicator of pollution from pulp and
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paper industry. Most of the EOX was polar, furthermore detailed characterization of the natural
EOX material was difficult using MS and NMR, and the MS results were not in agrecment
with the SEC results. Fragments from chlorophylls were observed and algal pigments were im-
portant constituents of the extracts.

In 1994, anthropogenic organochlorines were found still in relatively high concentrations
(up to 116 ug Cl g'! dw) in the sea-bed of the Kotka area. Chlorinated compounds from the
pulp industry may thus still pose a potential but localised threat in the Gulf of Finland. Due to
the recent reduction in chlorine use and the fact that clean sediments arc rapidly covering the
polluted layers, the environmental impact of the pulp mills is diminishing. Except in a few
cases there was no evidence of pollution from pulp industry in the eastern and southern Gulf of
Finland.

Biological effects of bleached kraft mill efflucnts (BKME) from a pulp mill were studied
under laboratory conditions using Monoporeia affinis Lindstrdom as an indicator species. The
animals showed adverse cffects after cxposure to BKME, but the effects secmed not to be
chronic, which indicates that reducing BKME output may improve the statc of benthic popula-
tions in recipient arcas. Pollution from the pulp and paper industry does not scem to be threat-
cning the Gulf of Finland as a whole, and monitoring total organohalogen in the Gulf of Fin-
land is on recommended in sclected arcas, preferably in February-March when the contribution
of natural production is least.

Results from sediment trap studies and 137Cs dating yielded sedimentation rates of 0.60 cm
al, 0.85-4.1 g m2 d-! (dry matter) and 6-17 ug Cl m? d'! (BOX) in sedimentation areas. In
sediment trap material, PCBs, DDTs and pesticides together contributed only 0.2% and chlo-
rophenolics less than 5% of the EOX flux. Total quantity of organohalogens in Gulf of Finland
surface sediments sampled in 1994 was estimated at 80 tons, of which natural organohalogens
contributed 72 tons. As a conclusion, it is possible to say that emissions from anthropogenic
sources in the Kotka-Kymi River area cannot explain the observed levels and, at present, natu-
ral production, mainly by spring diatoms, appears to be the major source of the organchalogens
present in Gulf of Finland sediments.

Key words: AOX, Baltic Sea, biological production, EOX, forest industry, gcochronometry,
Gulf of Finland, halogen compounds, sediment analysis
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1 Introduction

Chlorinated organic compounds, especially the non-
polar compounds, are dangerous because of their
persistent character, their facile tendency to incorpo-
rate in lipids (fats), their tendency to bioaccumulate,
and other biological effects. Although their non-
chlorinated analogues are usually considered less
dangerous, some of them are also toxic in the eco-
system. Today, most pulp mills use of chlorine-free
bleaching processes and total emissions of chlorine
chemicals have been reduced markedly, but not
completely. It should be noted however that the dis-
charge of non-chlorinated chemicals is substantial.
The ecosystem of the Gulf of Finland is naturally
vulnerable to pollution of all kinds, including or-
ganohalogen compounds. The water volume is small
(1100 km%) in relation to the catchment arca
(420000 km2), where 20 million people live.

During the past decades the industry and envi-
ronmental protection organisations have quarreled
about the benefits and risks of using and producing
organchalogens, especially organochlorine com-
pounds (see e.g. Anonymous 1992, Yosic 1996).
Although the controlled use of several pesticides and
chlorine disinfection has improved the quality of life
of millions of people, the misuse and uncontrolled
cmissions of chlorinated compounds, as well as sev-
eral accidents, has made them very unpopular in the
public eye and justifiably so. Thousands of scientific
reports show these compounds are dangerous to
living organisms (¢.g. Landner 1989, Moore and Ra-
mamoorthy 1984, Paasivirta 1991). While there is
risk attached to the use of many chlorine chemicals,
the environmental effects of a large number of com-
pounds arc not known well enough. One aspect of
the problem is that all of the compounds themselves
have not been identified, for instance in BKME.
Also, general knowledge on the character of the or-
ganic matter in marine environment is still poor (e.g.
Johnson et al. 1992).

During the past few decades, the main anthropo-
genic source of organic chlorine compounds in the
Baltic Sea, and the Gulf of Finland, has been the

pulp and paper industry (Wulff and Rahm 1993).

Although use of elemental chlorine has almost
completely stopped, many of the factories are still
using chlorine dioxide, which can also produce
chlorinated lignin derivatives and may contain ele-
mental chlorine as an impurity. Despite improved
processes, emissions from factories around the Gulf
of Finland remain rather high. For instance, the
Sunila pulp mill near Kotka emitted approx. 220 t of
AOX in 1995.

Scveral reports exist on the presence of natural
organohalogens in the terrestrial and aquatic envi-

ronments (for excellent reviews, see e.g. Gribble
1994, Grimvall and de Leer 1995). According to
these reports the naturally occurring organohalogen
compounds are common in both environments, but
the amounts in the sca are not calculated. Algae and
fungi are, for example, organisms which synthesise
chlorinated, brominated and iodinated molecules.
Since algae are common in the Gulf of Finland and
the sea water is full of substrates (chloride and bro-
mide), it is rcasonable to expect that the natural or-
ganohalogens are synthesised and common. Onc of
the key questions in the organohalogen debate is the
magnitude of the contribution of natural production
to the total organohalogen budget in sea. If natural
production has a significant share it means that
chlorinated and other halogenated compounds can-
not in general be classified as dangerous, but as
common and essential products of and for marine
organisms.

The most common parameters for estimating the
total levels of organohalogens in the environment
arc the sum, or group-parameters, EOX, EOCI,
AOX, AOCI, etc. These parameters do not provide
information on the chemical character of the con-
stituents measured and since the composition of total
organic halogen material is important, other chemi-
cal methods are also needed. The extremely complex
character of both pulp mill-derived and natural or-
ganchalogen compounds in sediments makes the
determination of composition difficult. Several
methods for characterisation have been used, includ-
ing chemical oxidation, chromatography, spectros-
copy, ctc. In spite of these efforts less than 10% of
the EOX has been fully characterised (Table 1). In
most cases, organohalogens have been classified
simply according to their polarity and acidity.

Especially in the Baltic Sea sedimentation proc-
esses arc important, e.g. removal of organic com-
pounds from the water-column. Although sedimen-
tation has a great impact on the flow and cycling of
chemicals in the Gulf of Finland, the process of
sedimentation is a complex phenomenon, not well
understood. Sediments from the Baltic Sea contain
morc organochlorine compounds than sediments
from the Oceans; for instance in the North Sea in
general PCBs and DDTs occur in much lower con-
centrations than in the Baltic Sea. The concentration
range of different organochlorine compounds (chlo-
rophenols, PCBs, DDTs, chlorinated benzenes) in
Baltic sediments is usually 1-100 ng g'! ww (Grgn
1990). Heavy loading from local industrial and
urban sources, the closed structure of the Baltic Sea
and high sedimentation rates explain, to a large
extent, the high levels. In the Baltic, study of sedi-
ments is therefore all the more important.
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Table 1. Character of EOCI and EOX in Baltic Sea
sediments. 'Sédergren et al. 1993. 2Remberger et al.
1990. 3@stfeldt et al. 1994. *Lund Kvernheim et al.
1993. SMartinsen et al. 1994. SMartinsen et al. 1988.
TWesén et al. 1990. 8Wesén 1988. °Reemtsma and
Jekel 1996. "Martinsen et af 1992. K, = octanol-
water partition coefficient. GPC = gel permeation
chromatography. RPTLC = reverse phase thin layer
chromatography.

PARAMETER RESULT (technique, source)
Identified <10%!
ca. 8% (in cyclohexane)?
1-5%3

Cl and non Cl alkenoic acids,
alkanoic acids, terpenes, Cl-resin
acids, non-BKME products? ,methyl esters®

Specific compounds

EOCI of TOCI 30%3
EOC! of AOX 1966
lipophilicity 90% very lipophilic (Kgy > 100)3

Kqyyy 105..107 (RP-TLC)?
2095, Koy >1000

bio-accumulability

3-31% (EPOCI)?
17% (EPOCI)6
80% hydrolysable?

persistency

polarity 60% neutral®

ca. 90% polart

polar compounds important?
acidity neutral?
volatility 10%7

non-volatile!®
chromatographability 3%!10
MWD 60% > 300 g mol- (GPC)6:8

Content of clements  no nitrogen,

10-20% sulphur (in cyclohexane)?

Estimating the effects of harmful chemicals in
the marine ecosystem is an essential task. Knowl-
edge of emissions, total quantities, distribution of
compounds and rate of sedimentation are necessary.
When this information is combined with information
on the bioavailability of the chemicals, their toxicity,
rate of uptake and other effects on the biota, a com-
prehensive picture of consequences of pollution
could be achieved. Unfortunately all of this is not
usually possible and one must be satisfied with a
more restricted approach: almost always therc is a
lack of data at some of the key points, the amount of
samples may be limiting, the behaviour of chemicals
in the matrices unknown, etc. This study is no ex-
ception. Sediments were the key matrix in the Gulf
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of Finland, used first of all to estimate the share of
the industrial and natural production, geographical
distribution and, secondly, to determine the sources
of the observed organohalogen compounds and as-
sess their possible impacts on the Gulf of Finland
environment.

2 Review of the literature

This review describes present knowledge on the
sources and character of the two main organohalo-
gen groups, the adversc effects of BKME to marine
organisms and the methodological differences of the
sum parameters used. The main characteristics of the
Gulf of Finland are also presented.

2.1 Characteristics of the study area

The Gulf of Finland (30000 km?) is a shallow sub-
basin (mean depth approx. 38 m) of the Baltic Sea
(Fig. 1). Depth in the eastern part is 20-40 m and in
the central part 40-60 m. Depth increases to ap-
proximately 100 m in the west and the largest depth
is 123 m on the Estonian coast. The Gulf area is a
direct north-east extension of the Baltic Sea’s Got-
land Basin, which means there is no hindrance to
water flow in and out the Gulf. The surface salinity
varies from 0% in the east to 6% in the west. Most
of the fresh water inflow into comes from the Neva
River (mean flow 2460 m3 s'1), which amounts to
approximately one fifth of the total riverine flow to
the Baltic Sea. The Neva’s inflow in the east and the
inflow of saline water from the Baltic Proper in the
west give rise to the east-west salinity gradient. The
vertical salinity stratification of the water-mass is
most distinct during the summer, but almost disap-
pears after the autumn storms. The autumn cooling
and the consequent mixing brings to the surface the
nutrient-rich deep water that provides the means for
strong biological production in the spring (Perttild et
al. 1995).

There is a general, average, anti-clockwise circu-
lation of water in the Gulf, which means that the
northern coast receives most of the impact of the
Neva and other rivers in Finland. Estonian waters are
affected mainly by the inflow from the waters of the
Baltic Proper. Deep water from the Baltic Proper,
containing HyS, may sometimes penetrate into the
Gulf of Finland and cause anoxic conditions in the
necar-bottom water layer (Andersin and Sandler
1991).
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Fig. 1. Location of the study area (frame) and paper and pulp milis affecting the Gulf of Finland or its catchment
area. Black circles: pulp mills using chiorine chemicals. Open circles: mills producing unbleached pulp or with
unknown situation. 1 = Kehra. 2 = Kuusankoski (UPM Kymmene). 3 = Kotka (Sunila). 4 = Lappeenranta,

Joutseno and Imatra. 5 = Svetogorsk. 6 = Sovetskiy. 7 = Lahdenpohja. 8 = Priozersk. 9 = Pitkdranta. 10 =

Syasstroy. 11 = Kondopoga.
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2.1.1 Characteristics of sedimentation

Sedimentation processes remove large quantities of
organic compounds from the water body, and the
recent bottom deposits provide an integrated picture
of the history of changes in the sedimentation of
pollutants. Sedimenting material functions as an
adsorbent, trapping chemicals either passively in
physical processes or actively through biological
uptake, possibly into the lipid fraction of the fresh
planktonic material. Pollutants in the sediments may
also enter biological cycles through uptake by ben-
thic organisms.

The sedimentation processes are governed by
currents, bottom topography, primary production,
source of particles (riverine-terrigenous, auto-
chtonous and allochtonous production) and other
factors. The origin of the sedimenting material de-
pends mainly on the location: in open sea areas
autochtonous and allochtonous materials are domi-
nant, while terrigenous organic material is most
prominent in coastal areas (Elmgren 1984, Poutancn
1985). The process of sedimentation, generally de-
scribed as ‘basin-filling” (Winterhalter 1992) in the
Gulf, can be compared to snow-fall: descending par-
ticles do not fill bottoms evenly. Depending on the
conditions, they form sediment packages of varying
thickness. The Gulf’s bottom structure is complex,
especially along the Finnish coastline where areas of
rock outcrops alternate with till and clay sediments,
which usually fill the deeper parts of the basins. Re-
cent sediment deposits have therefore a patchy dis-
tribution (Figs. 2 and 3). The sedimentation basins in
the eastern and southern parts of the Gulf are larger
than in the north. Typically, scdiments in the open
sea form pillow-like packages, as exemplified by the
transect over-stations F41 in the eastern Gulf of Fin-
land and that over LL17¢ in the Baltic Proper (Fig.
4). Postglacial sediments may reach a thickness of
10-15 m in some places. Figure 4 also illustrates that
due to crustal uplift (isostatic rebound) and local
currents, the distribution and character of the bottom
has changed through time. This has led to local
changes in sedimentation, causing shifts in the rela-
tion and location of erosion versus sedimentation
(Winterhalter, GSF, pers. comm.).

Recent sediments can be dated using radioactive
markers (e.g. 137Cs), that have an intermittent supply
(e.g. Kyzyurov et al. 1994, Robbins et al. 1977).
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Most of the radioactive contamination in the Gulf of
Finland came from the Chernobyl nuclear accident
of 1986. Less marked are the traces of the atmos-
pheric nuclear weapon tests in the 1960°s and the
disharges from the British and French nuclear sta-
tions at Sellafield (Windscale) and La Hague re-
spectively. The short-lived radionuclides like 134Cs
and '21] have already decayed and the more persis-
tent nuclides !37Cs and %9Sr are now the most
abundant in biota and sediments (Baltic Marine Pro-
tection Commission 1996).

There arc few publications on sedimentation rate
values for the Gulf of Finland. Salo et al. (1986)
reported an average rate of 0.4 cm a-!, using radioi-
sotopes 29Sr and 37Cs, while Perttilid et al. (1995)
arrived at 0.16 cm a'! by using phosphorus budget
calculations. An average rate of 0.74 cm a”! for one
station (XV1) was obtained using ?!%Pb dating, as
reported by Voipio (1981). In shallow coastal areas,
like Ahvenkoski Bay the west of Kotka, sedimenta-
tion rates of 0.43-1.0 cm a*! (0.097-0.14 g cm2 a-1)
have been observed using Hg as tracer (Pitkiinen
1994). In comparison, Winterhalter et al. (1981)
reported a mean accumulation rate of approx. 0.1
mm a'! for the whole Baltic Sca, with maximum
rates of 0.5-1.5 mm a-!. Bostrdm et al. (1981) esti-
mated that recent, soft sediments cover approx. 38%
of the Baltic Sea floor and came to a mean accumu-
lation rate of 0.38 mm a!. It has been suggested that
the sedimentation rate has been increasing in the
Baltic Sea as a consequence of increased primary
production (Jonsson 1992). On the other hand, the
decreasing rate of crustal uplift reduces the erosion
and sedimentation of minerogenic material from
coastal arcas.

Accurate deposit maps for the Gulf of Finland
area are under preparation (Winterhalter, GSF, pers.
comm.), but so far no high-resolution maps depicting
recent sediment deposits for the whole Gulf are
available. Maps illustrating some of the sub-regions
are available, for instance for the Kotka region and
castern Gulf of Finland (Hikkinen and Aker 1991;
Winterhalter, Rybalko, Butylin, Spiridonov, unpub-
lished data), as shown in Figures 2 and 3. Duc to this
lack of comprehensive deposit maps, the estimates
on the areal share of the recent sediments are in the
range of 25-35% (although 35% was used in paper V
and 25% in paper VI, 30% is used in the present
study).
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Fig. 2. Recent sediment deposits (black areas) in the eastern Gulf of Finland (Winterhalter, Rybalko, Butylin and
Spiridonov, unpublished results).

Fig. 8. Distribution of recent sediment deposits (black) in the Kotka area (according to Hakkinen and Aker 1991).
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60m

140 m

Fig. 4. Example of the seabed structure at stations F41 (eastern Gulf of Finland) and LL17e (the Baltic
Proper). a = erosion. b = postglacial and recent sediments (upper line). ¢ = post-glacial clays. d = glacial clays
and silts. e = bedrock or till. f = erosional surface forming a hiatus in the deposition. g = gas.

2.2 Pollution in the Guif of Finland

Pollutants enter the Gulf of Finland from a large
catchment area (approx. 420000 km?). Also, the
total riverine inflow, 100-125 km? a’!, from the
rivers Neva, Kymi and Narva is large in relation to
the Gulf’s relatively small water volume, 1100 km?,
The Gulf of Finland area receives approximately
180000 t N, 10000 t P and 300000 t of organic
matter annually. Most of the nutrient load, approxi-
mately 50% N and 60% P, comes from the St.
Petersburg area (Pitkénen et al. 1993, Pitkénen, FEI,
pers. comm.). The extensive nutrient loading has

made the Gulf one of the most eutrophicated arcas of
the Baltic Sca and the intensity of algal blooming
has been increasing. In the spring and summer
substantially higher Chl a concentrations have been
found in the Gulf of Finland than in the Baltic
Proper (Baltic Marine Environment Protection
Commission 1996),

Oxygen conditions in the central and castern Gulf
of Finland have been relatively good for the past few
decades (1963-1989), but oxygen deficiency in the
western part has been more frequent (Andersin and
Sandler 1991). In the first quarter of 1995, oxygen
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was abundant in the bottom waters of the central
(GF2) and western (JML) Gulf, but has thereafter
diminished to the low level of approx. 1 ml1-O, I'! in
the west and approx. 2 m] O, 1! in the central part
(Hannu Haahti, FIMR, pers. comm.). In summer
1997 the situation became worse along the whole
Gulf of Finland (FIMR monitoring data).

Excepting nutrients, the harmful substances
threatening the Gulf of Finland are anthropogenic
organic compounds, trace metals, radioactive ele-
ments, and natural toxins. Organic contaminants
continue to enter the Gulf of Finland environment as
atmospheric deposition (PAHs, DDTs, HCHs, HCB,
and toxaphene residues), as diffuse loadings, and as
point pollution from industrial and municipal outlets.
There arc two main problem arcas in the Gulf of
Finland created by the industrial and municipal load
of organic pollutants from the St. Petersburg-Neva
River and from the Kymi River-Kotka town. The
data on the loading of organic pollutants from the
St.Petersburg area is still very limited.

After the collapse of the Soviet Union, it has
been possible to organise several joint expeditions to
study the easternmost Gulf of Finland. Pollution
studies have concentrated mainly on trace metals
and nutrients. There are very few Russian publica-
tions on organic compounds in the eastern Gulf, but
high levels of benzof[alpyrene and oil products have
been reported in both water and sediment (Grigori
Frumin, Russian Academy of Sciences, pers.
comm.). From the Gulf of Finland harmful sub-
stances have been analysed in algae, benthic ani-
mals, mussels, water, fish, and sediments (Roots
1996). According to HELCOM recommendations,
PCBs, DDTs, some OCPs and trace metals arc
constantly monitored in two-year-old herring, but
organic compounds in sediments are not monitored.

2.2.1 Anthropogenic organochlorines

The chlorinated compounds that need most attention
are the PCBs, DDTs, chlorinated pesticides (OCPs),
polychlorinated dibenzo-p-dioxins (PCDDs), and
complex pulp mill effluents. These harmful organic
compounds originate from incomplete combustion
(dioxins), disposal and disintegration of old clectri-
cal equipment (PCBs), or as the side-products of
chemical processes (e.g. furans from the production
of wood preservatives and pulp bleaching). Ex-
tremely high concentrations of polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofu-
rans have been found in Kymi River sediments
(Koistinen et al. 1995). These highly toxic com-
pounds originate from the use of the wood preserva-
tive Ky-5, 24000 tons of which were produced by a

factory in Kuusankoski (Fig. 1) between 1940-1984
(Koistinen et al. 1995, Palm 1995) and, to a lesser
extent, from pulp bleaching.

The ban of PCBs and DDTs resulted in reduced
levels in fish. In the Gulf of Finland, concentrations
in herring are down from peak values in the late
1970’s to a steady low level of approx. 10 ng g! of
PCBs (7 HELCOM congeners) and 5 ng g! for
DDTs (FIMR HELCOM monitoring data, Haahti
1995), also in other parts of the Baltic Sea (e.g. Bal-
tic Marine Environment Protection Commission
1996). Although PCB and DDT levels in herring
caught in the Gulf have shown a steady decline, the
concentrations have started to level-out. This may be
becausc past emissions are being mobilised, or due
to wearing-off of the effects of the bans. Levels in
Gulf of Finland surface sediments in 1983 were
approx. 60 ng PCB g"! dw (Aroclor cquivalents) and
15 ng DDTs g'! dw (Perttild and Haahti 1986).

The modern kraft process dominates today’s pulp
industry because it provides possibilities to recover
and recycle chemicals and minimise discharges
(Owens 1991). Nevertheless, none of the kraft pulp
mills in the arca have yet achieved a complete 100%
efficiency in recycling and recovery of wastes. In
addition to the monitoring of the effluents, permit
holders (i.e. mill owners) must monitor the effects of
their effluents on fish, fishing and benthic commu-
nities in the surrounding sea, but monitoring of the
levels of organochlorine compounds in benthic ani-
mals and sediments in receiving waters is not obliga-
tory.

In 1993 it was estimated that, in the Baltic, the
greatest part of total organic halogens (>70%) origi-
nated from pulp mills in the Baltic Region (Wulff e¢
al. 1993). Today, while pulp production has in-
crcased significantly, the output of waste-waters
from the Finnish pulp mills has decreased to a frac-
tion of what it was ten years ago. Oxygen delignifi-
cation is now commonly applied after the cooking of
wood material and the mills are moving from Cl,
and ClO, bleaching to totally chlorine-free bleach-
ing with e.g. ozone and peroxides. Thus the AOX
load has been cut down from typical values of 5-6 kg
Cl t1 pulp to approx. 0.3 kg Cl t! pulp (1995), as
illustrated by the over 80% decrease (Fig. 5) for the
UPM Kymmene pulp mill in Kuusankoski and the
Sunila pulp mill in Kotka (Timo Jouttijirvi, FEI,
pers. comm.). The amount of solids and the values of
chemical oxygen demand (COD) and biological
oxygen demand (BOD) in effluents have also de-
creased (Saunamiki 1997). The UPM and Sunila
mills continue to have a negative impact to the Ah-
venkonski-Kotka area and still emit most of the in-
dustrial organic chlorine that enters the Gulf of Fin-
land. Today the Sunila mill produces ECF and TCF
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pulp, and the UPM mill only ECF pulp. Discharges
from the ECF mills in the towns of Lappeenranta,
Joutseno and Imatra in the southern Lake Saimaa
may also enter the Gulf of Finland through the Sai-
maa Canal. Also, some effluent may be transported
to Lake Ladoga via the Vuoksi River (Jokela et al.
1992).
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Fig. 5. Production of AOX at the Sunila and UPM
Kymmene (Kuusankoski) pulp mills in 1986-1996.
* = estimate.

In Russia there is a recommendation to reduce
the AOX load to 1.4 kg Cl t'! pulp and to reduce
discharge of chlorinated compounds by 50% from
the present level (Anonymous 1996). The reduction
in pulp production that followed the collapse of the
USSR has already produced an approx. 50% reduc-
tion in discharge (Anonymous 1996). For instance,
the output of AOX from Pitkdranta pulp mill
(northern Lake Ladoga) was reduced from 480 t
Cla'in 1987 to 48.5 t Cl a’! in 1994. In 1987 the
pulp mills in Kondopoga, Lake Onega, and
Syasstroy, southern Lake Ladoga, produced 480 t
and 7667 t of Cl, respectively (Anonymous 1996).
The Sovetskiy pulp mill is located in the Vyborg
Bay, but does not produce blecached pulp. An
operational Estonian pulp and paper mill is located
in Kehra (19500 t paper and 21000 t pulp in 1996),
but does not usc chlorine chemicals for bleaching
(Suursaar, EMI, pers. comm.) See Figure 1 for the
location of pulp mills around the Gulf of Finland
catchment arca.

Atmospheric deposition of chlorine in DDTs,
PCBs, lindane, and other OCPs is negligible com-
pared to the emissions from the pulp mills
(Baltscheffsky 1997, Pacyna et al. 1994, Pacyna et
al. 1996, Roots 1996). In Finland chlorine disinfcc-
tion has been estimated to produce a total amount of
about 20 t of AOX a’! (Jokela et al. 1992) and
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atmospheric deposition of AOX on land in Finland
has been estimated at 3.6-4.8 mg Cl m2 a! in 1989-
1990 (Jokela er al. 1992). When these figures for
atmospheric deposition are extrapolated over the
whole Gulf of Finland, the figures for wet
precipitation for the Gulf are 110-140 t AOX a'! or
0.6-4 t EOX a'! (using 0.5-3% EOX/AQX, Berry et
al. 1991, Martinsen ef al. 1992). Wulff et al. (1993)
estimated 0.38-0.42 kg Cl km a'! wet precipitation
for the Bothnian Bay, Bothnian Sca and the Baltic
Proper, which would yield 11-13 t a' EOCI
precipitation over the Gulf of Finland.

2.2.1.1 Chemical character of BKME

The reaction of lignin with blcaching agents pro-
duces the BKME components, of which more than
400 have been identified (Palm 1995). A brief re-
view of the compounds and compound classes typi-
cally found in BKME from bleaching with chlorine
chemicals is given in Table 2. Chemically, pulp mill
cffluents are challenging mixtures, containing a
large amount of unknown components and only a
fraction of the chlorinated compounds from chlorine
bleaching has been characterized. The complexity of
BKME arises from the presence of lignin-derived
compounds of various molecular weight (e.g.
Higashi et al. 1992, Jokela et al. 1993) that cannot
be assigned to any exact structures. Both LMW- and
HMW-material is produced in the bleaching process.
The LMW fraction consists mainly of largely
unidentified chlorophenolics, the HMW (>1000 g
mol!) fraction of mainly polar, hydrophilic break-
down products of lignin and polysaccharides
(Kringstad and Lindstrom 1984). Chlorolignin also
contains fragments that do not bioaccumulate
(Pellinen et al. 1994) and a multitude of non-
chlorinated compounds, for instance aromatic
compounds from pernchymatous fiber in raw wood.
Juuti et al. (1996a, 1996b) also found that ClO,
bleaching produces chlorinated compounds.

A common analytical approach used for charac-
terising the HMW fraction in lignin and humic ma-
terial is to first degrade the polymeric compounds
with oxidants, derivate the product and subject the
derivatives to chromatographic analysis using uni-
versal or chlorine-sensitive detectors (Dahlman et al.
1993, Dahlman et al. 1994, deSousa 1988). This
approach provides possibilities to trace the presence
of certain anthropogenic marker compounds (4-
ethoxybenzoic acid derivatives, Tablec 2), but a
draw-back of this method is that only compounds
that can be extracted with alkaline solutions can be
included in the analysis.



Sedimentation, distribution, sources and properties of organic ... 21

Table 2. Characteristics of lignin-derived organic material from BKME and sediments from pulp mill recipients. 1
Jokela et al. 1993. 2 de Sousa et al. 1988. 3 Paasivita et al. 1988a. 4 Paasivirta et al. 1988b.
5Voss et al. 1980, 6 Jonsson ef al. 1993. 7 Tavendale et al. 1995. 8 Martinsen et al. 1992. 9 Hydtyldinen et al,
1995. 10 Dahiman et al. 1994, 11 Dahiman et al. 1993. 12Grimvall et al. 1995. 13Rantio 1992. 14 Koistinen et al,
1994a. 15 Remberger et al. 1990. 16 Koistinen et al. 1994b. 17 Jonsson 1992. 18 Koistinen et al. 1995. 19 Juuti et

al. 1996a and b.

BKME

SEDIMENT

MWD (g mol-1)

Identified
compounds

Cl (AOX) to recipient: range 50-4000,
peak 100-500 (1000, one observation).
5-40 mg Cl I'! non-adsorbable to AC!.

chlorophenols®# chloroguiacols, ca-

techols, syringyls®#3

chlorinated benzaldehydes, vanillins,
syringaldehydes, protocatechaldchydes,

most HMW compounds from lignin
and natural humic acids?

chlorophenolics#6.7

lics <1% of EOCI®

, chloropheno-

6-chlorovanillic acid,
chloroacetovanillone, 6-

syringols, acetosyringones?,
chlorovanillic acids®

oxidation: 6-chloro-4-ethoxy-3-methoxy
benzoic acid!?, 6-chloro-4-cthoxy-3,5-

dimethoxy benzoic acid!!

cymenes'3, chlorophenantrenes, al-

kylchlorophenantrenes,
alkylchloronaphtalenes!4

chlorofluorenes, alkylchlorofluorenes!®

chlorovanillin, 2-chloro-

syringaldchyde?, chloro- and
bromovanillins,
chlorodihydroxybenzoic acids?

oxidation: mono- and dichlorinated
4-ethoxy-3-methoxy- and 3,4-die-
thoxy benzoic acids!'?

dehydroabietin, resin acids, scco-1-
dehydroabictic acid, dehydroabietic
acid’, chlorinated alkanoic acids,
chlorinated resin acids, terpenes,

plant sterols!?

PCDDs, PCDFs%!17:18

chloroform, dichloroacetic acid methyl

ester, dichloro-thiophene!?

2.2.2 Natural organohalogens in the marine
environment :

Marine algae have been reported to contain up to
19.8 pg g'! ww of chlorometabolites and 19.3 pg
g! ww of bromometabolites (Neidelman and Geigert
1986) and the highest chemical diversity of halogen-
ated metabolites, e.g. acyclic compounds including
volatile haloalkancs, monoterpenes, sesquiterpencs,
diterpenes, phenols, indoles, acetylenes and complex
macromolecules (Faulkner 1993, Gribble 1994, Nei-
delman and Geigert 1986). Also, synthesis of
2,3,7,8-tetrachlorodibenzo-p-dioxin and 2,3,7,8-tet-

rachlorodibenzofuran has been observed (Gribble
1994). On average 20% of the compounds extract-
able from marine algae contain halogen atoms
(Hager 1982, Neidelman and Geigert 1986). Bacteria
may also be contributing to the synthesis of organo-
halogens in the marine environment (Neidelman and
Geigert 1986).

Biogenic halogenation of organic material by
haloperoxidascs is onc of the possible mechanisms
by which natural organohalogens are formed in the
marine environment, and may take place according
to a general reaction in which hydrogen peroxide is
reduced and halide oxidized:

haloperoxidase

ORG-H + H,0, + X"+ Hf ————— > ORG-X+2H,0

pH <8



22 Kankaanpdéd

where the ORG is an organic molecule that can be a
substrate to the enzyme. The oxidation-reduction
potentials for the half-reactions for the reduction of
H,0, (+1.77 V) and oxidation of X (F-, -3.06 V;
CI, -1.36 V; Br, -1.07 V; T, -0.54 V) mean that the
oxidation of fluoride by haloperoxidases using H,O,
is not possible. The biological halogenation of aro-
matic compounds in natural environments is gener-
ally kinetically not thermodynamically controlled,
and the reactions of, for example, aromatic com-
pounds have AG values of -200 to -100 kJ and equi-
librium constants of 1023 to 1027 (Dolfing and Salo-
mons 1995). Enzymatic halogenation may also take
place via a carbocation route (Wuosmaa and Hager
1990).

The haloperoxidase enzymes have been isolated
and they are characterised as often containing a fer-
riprotoporphyrin IX (a heme) prosthetic group, but
the exact reaction pathway is not certain. The reac-
tion proceeds with ping-pong kinetics and may either
involve a hypohalous acid (HOX) intermediate or an
enzyme-bound halogen intermediate (Neidelman and
Geigert 1986). In the final stage of the reaction, onc
or other intermediate halogenates the organic sub-
strate. Chemically, the haloperoxidases catalyse the
addition of halides to carbon-carbon double-bonds.
Also large organic molecules like steroids and bi-
cyclic compounds are readily halogenated (Nei-
delman and Geigert 1986). In the presence of suffi-

cient OH" concentration, ¢f3-halohydrins are formed.
The halogenation reaction is feasible also with
alkynes, cyclopropanes, aromatic compounds, B-
ketoacids, amines and thiols. Another compound that
may be very significant to the natural organohalogen
budget is chlorinated chlorophyll RC I (132
hydroxy-20-chloro-chlorophyll a), which is an es-
sential part of the photosynthetic system of algac and
occurs in appreciable concentrations, 1:87-1:86 Chl
RC I Chl a in algac of the genera Anacystis and
Anabacna (Dornemann and Senger 1982, Dorme-
mann and Senger 1986, Katoh et al. 1985).

The presence in terrestrial envrionments of large
quantities of halogenated humic and fulvic acids and
other halogenated humic compounds has been de-
scribed, and characterised using oxidative degrada-
tion techniques (Asplund et al. 1989, Asplund and
Grimvall 1991, Dahlman et al. 1993, Dahlman et al.
1994). The halogenated humics have also been
found in the marine environment (Grimvall et al.
1995, Johansson et al. 1995). In the River Rhine 30-
70% of the total AOX has been estimated as natural
(Hoekstra and de Leer 1994). Arctic and Antarctic
macroalgae produce volatile halogenated organics
and represent a global example of natural production
(Laturnus ef al. 1996, Mehrtens 1994). Some typical
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halogenated molecules produced by algae and
moleules found in unpolluted humic waters are illus-
trated in Figure 6.

2.3 Use of sum parameters in the Baltic Sea

The sum parameters AOX, EOX, EOCI, AOCI ctc.
are used to estimate the total content of halogens in
samples. Sum parameters for measuring total
amounts of organohalogens have been developed-on
the basis of elemental halogen content analogous to
the nitrogen Kjeldahl analysis, and bear resemblance
to COD and BOD. The EOX or EOCI are both ecol-
ogically meaningful since they are considered to
express the fraction of bioaccumulable compounds
in samples. AOX and TOX more or lcss express the
total amount of non-biocavailable organohalogens.

The sum parameters have the natural draw-back
of not being able to give information about the spe-
cific compounds present in the samples. Most of the
individual compounds included in the total halogen
content remain unidentified (Table 1). Chroma-
tographic and other analytical techniques must be
applicd when information on the character of spe-
cific compounds is needed. Maximal information of
the organohalogens can be obtained by combining
the use of sum parameters and specific analytical
techniques. If toxicity tests are also included an even
better picture of the nature of organohalogens in
environmental samples can be obtained.

The method of extracting or adsorbing the com-
pounds from sediment, and the type of detection
used are critical aspects of the usc of sum parame-
ters. Several combinations of solvents, detection
systems and normalisation parameters have bcen
used and, due to the different techniques, results by
different researchers are often difficult to compare.
Possible positive interferences in analysing organo-
halogen compounds may arise from the presence of
chloride (NAA and microcoulometry), sulphide
(microcoulometry, Grgn and Dybdahl 1996), and
manganese (NAA). Nitrate may cause negative bias
if it enters the microcoulometer titration cell.

Although it is possible to measure the content of
specific halogens in the sample with NAA, the mi-
crocoulometric determination is easier to perform
and more suitable for routine analysis. With micro-
coulometric detection only the sum of chlorine and
bromine is obtained, and reported as chlorine equi-
valents. Based on empirical results, X = Cl+ 0.3 Br.
Some of the most common solvents used for ex-
traction of EOX or EOCI/Br are cyclohexane/2-pro-
panol (Martinsen et al. 1988), cyclohexane (with 2-
propanol treated sediment; Wulff et al. 1993), n-pen-
tane (@stfeldt et al. 1994) and petroleum ether - ace-
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Fig. 6. Examples of halogenated molecules produced by marine algae and those found in non-poliuted water
environments. A-C from algae Calothrix brevissima, Oscillatoria nigroviridis and Ochromonas danica respectively
(Neidelman and Geigert 1986). D from algae Scenedesmus obliquus, Anabaena variabilis, and Anacystis
nidulans and from spinach (Spinacia oleracia) leaves (Katoh et al. 1985, Dérnemann and Senger 1986). E-F
from fulvic acid preparations (Dahlman et al. 1994). G-J from Gotland Deep sediment (Grimvall et al. 1995).

tone (Palm and Lammi 1995). For inorganic halide described a procedure for extraction with alkaline

removal, both pre- and post-treatment (relative to
extraction) with nitrate solution have been used
(Martinsen et al. 1988, Martinsen et al. 1994), but
washing after extraction is most common. A special
sum parameter, sediment total organic halogen
(SOX) is based on KOH-methanol extraction fol-
lowed by activated carbon adsorption (Pellinen and
Soimasuo 1993). AOX methods for sediment analy-
sis are still the exception, but Manninen (1990) has

propanonc and water dilution followed by activated
carbon adsorption. Extraction with aqueous metha-
nol together with activated carbon adsorption has
also been used (Palm and Lammi 1995). An acti-
vated carbon-based AOX method resembling that
described in the present study (I) has been reported
by Hoffmann et al. (1988) for sludges and sedi-
ments.
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The AOX, EOCI or EOX results are usually nor-
malised to either dry weight, total carbon or loss on
ignition (LOI). In the Baltic Sea, LOI-normalisation
is usual (Hékanson et al. 1988, Sodergren et al.
1993, @stfeldt et al. 1994). Near pulp mills, EQOCI
levels up to 1100 ug Cl g'! dw and 6270 pg Cl g
LOI (Martinsen et al. 1994, Sodergren et al. 1993),
EOX levels up to 70 pg Cl g*! dw and AOX up to
230 pg Cl g'! dw (Palm and Lammi 1995) have been
reported. At a distance of 29 km off a pulp mill
26 pg Cl go! (EOCI) was found (Martinsen et al.
1994). Usually the background EQCI level has been
estimated at 5-10 pug Cl g'! dw (Hakanson et al.
1988, Martinsen et al. 1994).

2.4 Harmful effects of pulp mill effluents to
matrine organisms:

In effluent discharge from pulping there arc threc
conventional pollutant factors causing adverse envi-
ronmental impact, 1) fibers and suspended solids, 2)
colour and turbidity and 3) organic and nutrient en-
richment (Owens 1991). Significant organic and
nutrient loads can be discharged by pulp and paper
mills, readily altering or degrading local habitats
(Hutchins 1979). Increased loading can lead to bot-
tom anoxia, inducing changes in benthic popula-
tions. Eutrophication can stimulate the growth of
phytoplankton. This is a complex question, since
phytoplankton growth may be limited by reduced
transparency caused by the discharge of particulate
material, but early data from the Baltic Sea indicated
that plankton biomass and chlorophyll concentra-
tions did not decline due to utilization by the phyto-
plankton of the organic material in the effluents,
which compensated photosynthetic losses (Lyden
and Landner 1979). A review of the different ad-
verse effects of BKME has been given by Stdergren
et al. (1993) for the Bothnian Seca area. Effluents
from Swedish pulp mills using chlorine chemicals
were reported to cause deformations in pike, reduced
gonad growth, disappearance of benthic animals and
reduced density of macroalgac (Sodergren et al.
1993).

Correlation between halogen concentration
(EOX, AOX) and toxicity is not well established,
and is often totally missing (e.g. Ahokas et al. 1994,
Craig et al. 1990). In addition, there are no direct
comparisons of short- and long-term effects of pulp
and paper mill effluents. Sodergren et al. (1993)
reported that unbleached kraft mill effluent caused
considerably smaller effects on fish than BKME. On
the other hand, Haley et al. (1995) found that the
reduction of chloro-organics in effluents after in-
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creased substitution of Cl, by Cl1O, was probably not

responsible for biota responses. Moreover, the
overall changes in mill-process on experimental
strecam biota werc minor (Haley er al. 1995). It is
probable that a large part of the physiological cffects
of pulp and paper effluents may be related to non-
chlorinated substances, which in some cases have
been found to be more toxic than the chlorinated
ones, e.g. according to 7-ethoxyresorufin-o-deethy-
lase (EROD) activity in Rainbow trout
(Oncorhynchus mykiss) hepatocytes (Pesonen and
Andersson 1992).

Although it is possible to show that specific or-
ganochlorine compounds and BKME arc toxic to .
many organisms, in general the effects of BKME
remain controversial, and both the acute and chronic
effects of BKME on fish, mussels and benthic ani-
mals must be considered (for a review, see Owens
1991). Typical effects of BKME are increased liver
EROD activity (e.g. Balk et al. 1993, Forlin et al.
1995, Haley et al. 1995), expression of multi-func-
tion oxygenase (MFO) enzymes (c.g. Larsson ef al.
1988, Munkittrick et al. 1992), alterations in gonad
size, changes in number of lymphocytes, changes in
carbohydratc metabolites, disturbances in plasma ion
composition (Forlin et al. 1995) and decreased sur-
vival of larvae (e.g. Pellinen and Soimasuo 1993).
Increased activity of uridine diphosphoglucuronyl
transferases (UDPGTs), which facilitate the
operation of the cytochrome P450 monooxygenase
system, was reported by, for example, Forlin et al.
(1995). Induction of UDPGT activity is indicative of
cxposure to xenobiotics. BKME and the polar
fraction of BKME was mutagenic according to the
Ames bacterial test and SOS Chromotest, and the
polar fraction toxic to Daphnia magna and
luminescent bacteria (Microtox) (Rao et al. 1994).
The Microtox (Photobacterium phosphoreum) test
was found to be a sensitive indicator of BKME
toxicity (Oanh and Bengtsson 1995).

Over large areas fish populations may suffer
from BKME exposure (e.g. Sandstrém and Thores-
son 1988, Forlin et al. 1995). The arca of BKME
influence may extent 8-10 km (Larsson er al. 1988)
or even 20-40 km (Balk er al. 1993) from a pulp
mill. Using a flow-through mesocosm, accumulation
of low-molecular-weight EOX in the mussel Ano-
donta anatina L. was observed, but EOX accumula-
tion in the mussels and in the fish Salmo salar L.
was not observed in waters near a pulp mill (Pellinen
et al. 1993). Higashi et al. (1992) demonstrated that
polar, high-molecular-weight material from BKME
was acutely toxic to salmonid fish. BKME exposure
adversely affected reproduction, growth, survival
and histopathology of Rainbow trout (Haley et al.
1995). Minnows (Pimephales promelas) werc not
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significantly affected by chlorine-bleached BKME
from Canada (Kovacs et al. 1995). Similarly, Pecl-
linenand Soimasuo (1993) reported that exposure to
BKME-polluted sediment from Lake Saimaa did not
increase mortality or deformitics in midges
(Chironomus riparius Meigen).

Because benthic animals bioturbate sediments
and use organic matter from sediments as their pri-
mary food, they are subject to sedimented pollutants.
The benthic animals mainly responsible for biotur-
bating sediments in the Gulf of Finland are the am-
phipods Monoporeia (formerly Pontoporeia) affinis
and Saduria entomon, and the mollusc Macoma
balthica. These species have been increasing in
number since the middle 1980°s (Andersin and Sand-
ler 1991). Through bioturbation they mix the vertical
distribution of chemicals in sediments. M. affinis is
one of the most important organisms in Baltic food-
chains and an important food source for the Baltic
herring (Clupea harengus), especially during the
maturation period of male M. affinis individuals (c.g.
Flinkman er al. 1991, Flinkman, FIMR, pers.
comm.).

Changes in behaviour of benthic species during
cxposurc to xcnobiotics under laboratory conditions
can also be monitored: Lindstrom and Lindstrdm
(1980) and Lindstrom (1992) studied the effects of
phenols and chlorophenols on the nocturnal swim-
ming activity of M. affinis Lindstrdm, and showed
that animals avoided elevated phenol levels in water
by diminishing their swimming activity. Sundelin
(1988) observed increased, long-term mortality
(disturbed embryogenesis) of M. affinis and other
macro- and meiofauna when exposed to sediment
contaminated with sulphate mill effluent. Both un-
bleached and bleached effluents were toxic, but
bleached effluent significantly more so. In contrast,
Haynes et al. (1995) did not observe bicaccumula-
tion of EOX from pulp mills in Myfilus edulis, nor
any adverse effects. Similarly, Mikeld et al. (1992)
found no clear dependence between EOCI in mussels
and distance to pulp mill.

3 Aims of the study

The present work was designed to improve the
knowledge on the amounts, distribution and sources
of organohalogens in the Gulf of Finland area. The
following multidisciplinary aims were set:

1) to estimate the uscfulness and applicability of
AOX and EOX methods to the study of marine
sediments

2) to determine the suitability of chemical char-
acterization methods for total organohalogen prepa-
rations and to characterise the organic halogen ma-
terial in Gulf of Finland sediments

3) to cvaluate the background organohalogen
concentrations in sediments and algae, the horizontal
(spacial) and vertical (temporal) distribution of total
organohalogens in sediments, and to locate polluted
arcas

4) to cstimate total organohalogen quantities in
sediments, fluxes of organohalogen material and also
the contribution of anthropogenic and natural or-
ganohalogen sources to the total budget of the study
area

5) to evaluate some of the possible ecological
consequences of BKME material discharge and the
need for monitoring sediments for halogenated com-
pounds.

4 Materials and methods

4.1 Collection of material

The location of sediment sampling stations together
with their basic characteristics are listed in Appendix
L.

4.1.1 Positioning accuracy, ship stability and
co-ordinates

The positioning accuracy of the R/V Aranda is £5 m
using differential global positioning system (DGPS)
navigation, and approx. £30 m with global position-
ing system (GPS). Most of the sampling took place
using DGPS. The positioning during sampling from
other vessels and platforms was usually GPS or less
accurate (sec Appendix 1 for the navigation systems
and accuracies). The R/V Aranda can stay within an
approx. 20 x 20 m arca during sampling in good
weather (Bruun and Kankaanpdd 1996 and unpub-
lished results). The co-ordinate system is either the
Finnish ‘karttakoordinaattijirjestelmi’ (KKJ) or the
international WGS-84, also indicated in Appendix 1.
Within the Gulf of Finland interconversion between
the two systems can be made using the formulas 1
and 2:

[€))] LAT(WGS-84) = LAT(KKJ)+0.00017°

(2) LON(WGS-84) = LON(KK1)-0.00317°
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4.1.2 Baltic sediment and marine fauna

Sediment sampling for paper I was carried out dur-
ing the cruise of the Finnish R/V Aranda to the Bay
of Bothnia in September 1990 using a gravity corer
with diameter 50 mm (Niemistd 1974). The samples
were collected a few hundred meters from the
Veitsiluoto pulp mill. In papers II and III samples
from the open Gulf of Finland were collected from
R/V Aranda using a larger gravity corer of & 80 mm
(Gemini corer) in February 1993. In paper III the
Neva Bay 0-2 cm sediment samples (R/V Raduga,
box corer) and 0-2 cm samples from Kotka area
{motorboat, using a gravity corer of & 50 mm) were
collected in August and September 1993, respec-
tively. For paper IV sediment from the Bothnian Seca
was collected from R/V Aranda using a van Veen
grab sampler in June 1994. Monoporeia affinis indi-
viduals werce collected from the sediment by sicving
and stored (+ 4°C) in darkness.

Sediment samples for paper V, covering areas in
Finnish, Estonian and Russian waters, were collected
from R/V Aranda (using a gravity corer of & 80
mm) and a motorboat (Kotka and Sovetskiy coastal
arcas using a gravity corer of & 50 mm) in Junc
1994. Sediment samples from the Luzshkaya-Kopor-
skaya region in August 1994 were obtained during
the cruise of the Russian R/V Persey and from Lake
Saimaa in July 1994 from the Finnish R/V Muikku
using a & 50 mm gravity corer. Samples from the
Kymi River were taken from a motorboat and from
picrs with a & 50 mm gravity corer in September
1994.

Additional sediments (Kankaanpdd 1996) werc
collected during the ICES-HELCOM Sediment
Bascline Study from R/V Aranda in June 1993, using
a gravity corer of & 80 mm. Sediments for the trap
study (paper V) werc collected from station GF2
(central Gulf of Finland, see Appendix 1) using R/'V
Aranda in May-September 1995 with an & 80 mm
gravity corer. In August 1996 a single 0-5 cm box
core sample for characterization studies was taken
from the same station.

4.1.3 Settling material

The system for collection of settling particulatc ma-
terial consisted of a conical sediment trap with a
collection area of 1.0 m? and aspect ratio 1.6
(Technicap P.P.S. 5/2, France), which was equipped
with 24 250-ml receiving cups (polypropylene). The
trap was moored at station GF2 at 64 m and at 20 m
above bottom. The trap was operated between May
17 and September 22, 1995, and between April 25
and October 20, 1996. The cups were prefilled with
5% (v/v) formalin solution (Merck, p.a.) containing
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10 g I"! NaCl (Merck, suprapur). Each cup was pro-
grammed to collect for exactly 3 days.

The material from the automatic trap was in both
cases combined to form 9 consccutive samples that
were then subjected to the analyses. The combined
samples represented time intervals of May 17-29,
May 29-June 10, July 7-16, July 16-28, August 8-20,
August 20-September 1, September 1-10, and Sep-
tember 10-21, 1995, and in the second case study
April 25-May 16, May 16-25, May 25-June 6, June
6-27, June 27-July 18, July 18-August 15, August
15-September 14, September 14-26, and September
26-October 20, 1996.

4.1.4 Antarctic sediments, plankton and
fauna

All the samples were collected during the FINNARP
95/96 cruise to the Weddell Sea with the R/V
Aranda in February 1996. Ice, containing plankton,
was collected from an ice floe (74.0170° S, 35.8078°
W), placed in plastic baskets and melted in the labo-
ratory. Ice algae were allowed to attach to the walls
of the baskets and were subsequently sucked to
polycthylene bottles. The frozen samples were stored
(-20 °C) for two months and transferred to FIMR for
analysis.

Sediment was collected ncar the Riiser-Larsen
Ice Shelf (72.5157° S, 16.5330° W) from a depth of
205 m, using a box corer and stored at -20 °C for
two months. The sediment was claycy and sandy
with an over 2 cm thick surface layer of corals, brit-
tle-stars and small tube-like animals with a siliceous
core. Before pre-treatment in the laboratory, the or-
ganic surface was removed. An unknown species of
sponge was collected from the Weddell Sea
(72.2453° S, 15.6000° W, depth 365 m) and stored
frozen (-20 °C) for two months.

4.1.5 Collection of water samples and BKME

In the Kotka arca and in Russian and Estonian wa-
ters, water samples of 500 ml were collected from
above the sediment core to polyethylenc bottles. The
water was frozen (-20 °C) and melted before analy-
sis for AOX. A total of 60 1 of BKME was collected
from the Sunila pulp mill in Kotka, in May 1994.
During the collection time the mill used both Cl,
and ClO, for bleaching. The samples were stored at
-20 °C and brought to room temperature prior to the
experiment. Sea water was collected from the
Tvédrminne arca (western Gulf of Finland). Before
the test, the BKME solution was vacuum filtered
through a Whatman no.1 filter and diluted 1:2 with
the sea water.
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4.1.6 Other material used for chemical
analyses

The algal cultures of Anabaena lemmermannii and
Nodularia spumigena were kindly prepared by Dr
Kaarina Sivonen, University of Helsinki. Commer-
cial chlorophyll a (Sigma chemicals C6144, isolated
from Anacystis nidulans algae), spruce (Picea abies)
needles and spinach (Spinacia oleracea) were also
used.

4.2 Pre-treatment of sediments

4.2.1 Determination of <63 um fraction

A represcntative portion of cach wet sediment sam-
ple analysed was sieved, under a water flow, through
a 63 pum cut-off sieve (Fritsch, Germany). The ma-
terial left on the sicve was weighed after drying at
60 °C for 48 h. The weight of the fine-grained mate-
rial passed through the sieve was used to calculate
normalised EOX and AOX concentrations.

4.2.2 Drying and homogenisation

Analysis of 137Cs was carricd out from wet sediment
cither onboard or before pre-treatment in the labora-
tory. For chemical analyses the frozen sediment sub-
samples were lyophilized using an Edwards Super
Modulyo freeze-dryer (-20 °C, 24-48 hours), and
homogenised cither manually or using a planctary
mill (Fritsch pulverisette 5).

4.3 Aquarium system for investigating
effects of BKME on M. affinis

The detailed construction is given in paper IV.
Briefly, two control and four test aquaria (L 33 x W
6 x H 35 cm) were filled with brackish sea-water (6-
7%0), 40 randomly selected animals were placed in
cach aquarium, and the bottoms covered with sedi-
ment from the area where the animals were sampled.
Sca water (control aquaria) or sea-water mixed with
BKME (test aquaria) was allowed to flow through
the aquaria at 12 ml min-!, A 12:12 hour light-dark
cycle was used and the swimming activity of ani-
mals was recorded during the adaptation period (12
days, without BKME), control period (7 days, with-
out BKME), test period (7 days, with BKME) and
recovery period (12 days, without BKME). The ac-
tivity was recorded with four IR photocell pairs.

Water samples for AOX were collected from
seawater and from the BKME stock solution before
the test, and from the aquaria during the test period.
An aliquot of bottom sediment from each aquaria
was collected before and after the experiment, and
the EOX concentration and number of surviving
animals was counted after the recovery period. The
statistical treatment of the raw activity data was car-
ried out using one-way ANOVA with an SAS pro-
gramme. The obtained p values werc used to esti-
mate whether the swimming activities during the C,
T and R periods deviated significantly from each
other.

4.4 Chemical analyses

4.4.1 The AOX sediment procedure and its
validation

For cach analysis, 50 mg of pre-treated sediment was
suspended in 9 ml of dilute acid (pH 2, set with
HNO3;, Merck, p.a.) in a test tube, to which 1 ml of
IM NaNQOj; was added. The suspension was soni-
cated (Branson 3200 ultrasonicator) for 30 minutes
and then shaken vigorously for 30 minutes in a verti-
cal rotator (Braun Certomat) at ambicnt temperature.
The suspension was then centrifuged at 3000 rpm
(Heracus Megafuge 2.0R) for 30 min. The super-
natant was removed and placed in another test tube.
After addition of 200 pl of 0.1M AgNO; (Fluka,
p.a.) the tube was shaken for 10 minutes in darkness.
Precipitated silver salts were removed by filtration
onto a Schleicher & Schuell FP 050 NLGF 0.45 pum
filter and the filtrate was transferred back to the solid
sediment phasc. 100 mg of activated carbon (Euro-
glas, maximum Cl content 15 pg g'!) was added and
the solution was again agitated in a vertical rotator
for 16 hours. The solid phase was then filtered on a
polycarbonate filter (Euroglas) and washed with
10 ml of 1 M NaNO; (Merck, p.a.). Blank samples
were prepared similarly, without the sediment.
Accuracy and precision of the method were esti-
mated by preparing four o-chlorobenzoic acid
(Merck, p.a.) solutions of 2000, 1000, 500 and O pg
Cl I'! (Millipore mQ deionized water). To check the
possible interference by silver ion or the silver halide
precipitate formed, five further solutions were pre-
pared with the same CI content but with AgNO,
concentrations of 1.0, 0.5, 0.2, 0.1 and 0 mM. These
solutions were then analysed for AOX according to
the ISO 9562 standard (ISO 1989; see below).
Possible loss of the model compound, o-chloro-
benzoic acid, was investigated by preparing six du-
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plicate sample solutions of 1.0, 1.5, 2.0, 2.5, 3.0 and
4.0 mM of .the acid. The pH of the solutions was
adjusted to 2.0 with HNO,. Two additional solu-
tions, also in duplicate, having 1.0 mM and 4.0 mM
of the acid and 5 g 1! of NaCl were prepared.
Deionized mQ water was used for every solution.
Absorbance of the solutions was measured at 273 nm
(see below). An aliquot of 5 ml of each sample was
treated with 240 pl of 2.0 M AgNO; and stirred for
30 min in darkness before the precipitate was filtered
off. Finally, the absorbance (at 273 nm) of the solu-
tions was measured again. .
To estimate possible interfercnce to the AO

analyses from inorganic chloride in the scdiments,
the salinity of leachate from sediment samples was
analysed and possible correlation with AOX was
examined. The lcachate was prepared from 500 mg
of homogenised scdiment from the KEMI 17 station
(Appendix 1). Sediments were suspended in 3 ml of
deionised water, ultrasonicated (Branson 3200) for
30 minutes and shaken in a vertical rotator for 30
minutes, both at 23 °C. The suspension was centri-
fuged and the salinity of the supernatant measured
with a Beckman Solu Bridge RB-5 salinometer with
CEL G-20 electrode. Interference by high H* con-
centrations was excluded since the pH of the
leachates was over 4 and did not increase conduc-
tance during salinity mcasurcments.

4.4.2 Preparation of water samples for AOX
determination

The water samples taken from above the sediment
surface, from the sca surface in Kotka and from the
test aquaria were analysed. An aliquot of 100 ml was
taken and adjusted to pH 2 with HNO3, after which 5
ml of 0.2 M KNO; and 100 mg of activated carbon
(Merck or Euroglas) were added. The mixture was
agitated for at least 16 h and then filtered onto a
polycarbonate filter (Euroglas). The filter and acti-
vated carbon were subsequently washed twice with
20 ml of 0.01 M KNO; (pH 2) and twice with 20 ml
of dcionized water.

4.4.3 EOX extraction and method validation

The method was a modification of a procedure by
Martinsen et al. (1988). In bricf, 0.08-10 g of pre-
treated sediment, seston, algae, or sponge was ex-
tracted by sonication (2h) in 75 ml of cyclohexane/2-
propanol (4:1, v/v), followed by strong agitation in a
vertical rotator (16 h). Solid material and solution
were separated by centrifuging. Supernatants were
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washed twice with 25 ml of 0.2 M KNO; (pH 2)
solution to remove inorganic halogens. Possible
cloudiness was removed by adding a small amount
of 2-propanol. The extracts were concentrated to 2-
5 ml with a rotary evaporator and then to 0.5-2 ml
under a nitrogen flow. Precipitate, when it did form,
was observed to contain negligible amounts of EOX
and was removed by centrifuging.

The detection limit was calculated using the for-
mula:

(3)  DL=2xV2xtggs X sy

where tg o5 is the tabulated value of the Student’s t-
test (single-sided) at 95% probability and s,, is the
within-batch standard deviation of duplicated blank
samples determined during 7 days. Lincarity was
measured using standard solutions of 4-chlorophe-
nol, injected over a range of 2-35 pg Cl per injec-
tion. The injection repeatability was calculated by
injecting four different standard solutions and one
extract of a contaminated sample 10 times consccu-
tively. Injection reproducibility was measured by
injecting three standard solutions per day over a pe-
riod of 9 days. The repeatability of the EOX method
was measured using sediments from stations KY2,
KY3 and S2 and by conducting from one to four
EOX measurements per sample per day for 3 days.
EOX method reproducibility was measured over a
period of ten days using sample KY3. In the inter-
laboratory comparison test, made by the Finnish
Institute of Marine Research and the Finnish Envi-
ronment Institute, five different sediment samples
(stations S1-S5) were analysed in duplicate or tripli-
cate in both laboratories and the results were proc-
cssed with the Student’s t-test. During the analyses,
daily control of the microcoulometric measurement
analyses was carried out by injecting a 4-chlorophe-
nol (Fluka, p.a.) control solution of 13.8 (#2%) pg
Cl ml"! into the system. Blank solvent samples were
analyscd daily in the same way and the blank value
was subtracted.

Two tests were carried out to check possible in-
terference from inorganic halides. In the first test an
aliquot of the sediment extract was placed in a ce-
ramic crucible, evaporated to dry and kept at 550 °C
for 2 hours to remove organic material. The cooled,
colourless precipitate was then dissolved with 100 pl
of deionized water (mQ). The final volume was sct
to 500 pl with methanol, and 100 ul of the solution
was burned in the analyscr. In the second test 100 pl
of the extract was injected directly to the coulometer
cell. To exclude the interference of any other com-
pounds in the microcoulometric detection of the
halogens, two sediment extracts and one standard
solution were analysed with microcoulometry and
NAA.
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4.4.4 Microcoulometric detection of halogens

The halogen content was determined using an Euro-
glas ECS 2000 halogen analyser (Euroglas BV,
Delft, the Netherlands). The extracts or filters con-
taining solid material (two or three replicates) were
combusted in O, at 850°C (EOX) or 1050 °C

(AOX). The halogen content was expressed in chlo-
rine equivalents.

4.4.5 NAA detection of halogens

For comparison and further validation of the EOX
method three samples were also analysed with NAA.
The analyses were carried out in the Reactor Labora-
tory of the Technical Research Centre of Finland,
Espoo, Finland. The extracts or 4-chlorophenol were
placed in a 0.5 ml polyethylene capsule and frozen
in liquid nitrogen. A standard was made by dissolv-
ing KBr and KCl in water and 5 pg of Br and 50 pug
of Cl was weighed into a capsule.

The standard and samples were analyzed by ir-
radiating for 5 min in a Triga MKII research reactor
and neutron flux of 4 x 10 s'! cm™? using a pnecu-
matic sample transfer system. The sample capsule
was opened and the solution weighed into a new
capsule to minimize the risk of contamination. After
a decay time of 10 minutes, the sample was meas-
ured for 5 min using a y-spectrometer equipped with
a 25% Ge(Li) detector. The 616.3 keV (89Br) and
1642.7 keV (*8Cl) energies were used for quantifi-
cation. Concentration was calculated by comparing
the photopeak count rate of the sample with the
corresponding count rate of the standard. Because
equal irradiation, decay and counting times were
used, no decay correction was needed. The standard
deviations of the Br and Cl measurements were
better than 5% with a detection limit of 0.2-0.8 g
Cl gt and 0.03-0.05 ug Br g-l.

4.4.6 Determination of chlorophenolics,
PCBs and OCPs

Analyses of chlorophenolics (PCPs, PCGs and
PCCs) in sedimenting material were carried out at
the National Public Health Institute, Kuopio, Fin-
land. Free and bound chlorophenolics were analysed
together. Internal standards (3,5-dichlorophenol and
2,3,6-trichlorophenol) were added to the pre-treated
sediment, which was then extracted with 6M NaOH
and cleaned with hexane. The water phase was

acidified with 2M H,SO, and then extracted with

dicthylether three times. The cther phascs were
combined and dried with activated Na,SO,. The

cther phases were then filtered and evaporated to
dry, and finally acetylated with acctic anhydride and
0.1IM K,CO,. The acetylated chlorophenolics were

back-extracted to hexanc and determined with an
HP358901I gas chromatograph with an HP-5 capillary
column (25 m x 0.2 mm), using a temperature pro-
gram of 60°C (1 min), 20 °C min™! to 140.°C, 4 °C
min’! to 240 °C. The sum of the chlorophenolics
(ZPCP) was calculated. All reagents and solvents
were p.a. grade.

PCBs and OCPs in sedimenting material were
analysed at the Finnish Environment Institute, Hel-
sinki, Finland. Sedimenting material was extracted
three times successively with 100 ml of ace-
tone:hexane (1:1, v/v) for three minutes with an Ul-
trasonic Cell Disruptor (Branson Sonifier B-15).
After each extraction the sample was centrifuged at
3000 rpm for 7 minutes (Heraeus Megafuge 1.0).
The extracts were combined and the solvent was
evaporated almost to dryness in a rotavapor (Biichi
RE-121) and redissolved in iso-octane. The internal
standard 1,2,3,4-tetrachloronaphtalenc (Ultra Scien-
tific) was added and the sample was purified with
concentrated H,SO, until the solvent phase was

colourless. Additionally, the clemental sulphur in
sediment extracts was removed with copper chips.
The sample was concentrated to a final volume of
approximately 0.5 ml with nitrogen flow. All the
solvents and reagents were of p.a. grade.

Organochlorine compound analysis was per-
formed on an HP5890II gas chromatograph equipped
with two 93Ni ECDs, two capillary columns HP-
1701 and HP-5 (60 m x 0.25 mm i.d., film thickness
0.25 um) and an HP7673 automatic sampler. Helium
was the carrier gas with argon-methanc as the detec-
tor make-up gas. The injector and detector tempera-
tures were 270 °C and 300 °C respectively. The oven
temperature program was 90 °C for 3 min, 30 °C
min*! to 215 °C for 42 min and 5 °C min"! to 270 °C
for 10 min. Compounds were identified from both
columns by comparing the retention times with
known compounds, 1,2,3,4-tetrachloronaphtalenc
was used as an internal standard. Quantification was
based on a standard mixture prepared by weighing
ncat crystals (Dr Ehrensdorfer, Germany), dissolving
them individually in iso-octane and then mixing
them together to make up the final solution in iso-
octane. The total concentration of the 7 CBs
analysed (CB28, CB52, CB101, CB118, CBI38,
CB153 and CB180) was calculated.
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4.4.7 Determination of TC

Two to three weighed subsamples of the pretreated
sediments were analysed by combustion in pure
oxygen at 900-950 °C and the CO; produced was
measured. Oxalic acid or glucose was used as stan-
dard. The instruments used were UNICARBO 1V,
Shimadzu TOC-5000 and Heraeus CHN-O-RAPID.

4.4.8 Recording of UV-VIS spectra

For acquiring the spectra and absorbances of un-
washed EOX solutions a Perkin-Elmer Lambda 2
spectrophotometer was used. The spectra of the so-
lutions (in a 1 cm quartz cuvette) were between 190
and 600 nm. In paper I, absorbances between 240
and 300 nm and at 273 nm were recorded before and
after the addition of the silver nitrate solution used to
estimate possible loss of the 4-chlorophenol being
used as a model compound.

4.4.9 RP-HPLC analysis

EOX cxtracts from sediment and sedimenting mate-
rial at station GF2 were filtered through a 0.45 pum
PVDF/PE filter (Millipore, USA). An aliquot of 100-
150 pl of the filtrate was injected (Rheodyne 7125)
to the HPLC system consisting of Waters M-45 and
510 pumps, pBondapak C18 pre-column, a prepara-
tive Nova-Pak C18 column (7.8 x 300 mm), and a
Perkin-Elmer LS-5B Luminescence Spectrometer
(fluorescence mode, excitation 420 nm, emission
650 nm, slits 5 nm). The extracts were fractioned
into 5 or 7 fractions (see results), which werc then
subjected to EOX, MS, HPLC-SEC and MS analy-
ses.

4.4.10 SEC-HPLC analysis

EOX extracts from sediment samples from the open
sea, Kotka areca and Neva Bay, as well as RP~-HPLC
fractioned samples, were filtered through a 0.45 pm
PVDF/PE filter (Millipore, USA) and 50-100 pl of
the filtrate was injected into the HPLC system using
a Rheodyne 7125 injector. The instrument used
consisted of a Waters M-45 pump with a UV-VIS
detector (Waters 490) operating at 254 nm and one
or two consecutive 300 x 7.6 mm PL-gel 3u Mixed-
E columns (Polymer Laboratories, MA, USA) with a
short pre-column of the same material. THF was
used as eluent using a flow rate of 0.5 ml min’!
(isocratic). The system was calibrated using a mix-
turc of toluene and polystyrenes with molecular
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weights of 162, 266, 370, 474, 580, 1680, 3250,
5050, 7000, 11600 and 22000 g mol !, The samples
were fractioned into 6 or 12 fractions of known
MWD (see results), each fraction was evaporated to
dry and finally redissolved in 100-150 ul of cyclo-
hexane/2-propanol (80:20 v/v). The fractions were
then subjected to microcoulometric measurement.

4.4.11 TLC separation

An amount of 1-3 pl of EOX solution (final concen-
trate) was applied to a fluorescent silica TLC plate
(Merck 5554 Kieselgel 60 Fas4, 20 x 20 cm). The
scparation was carried out using petroleum ether: 2-
propanol: H,0 (100:10:0.25 v/v/v) as cluent, and the

plates were developed twice with the cluent. The
fluorescent spots were detected by illumination with
a 366 nm UV-lamp (UVL-21, Ultra-Violet Prod.
Inc., CA, USA) and photographed (Nikon F801
camera with a 35 mm macro objective) on colour
film (Agfa Ultra 50 ASA). The colour films were
subsequently recorded with a photoscanner and
processed.

4.4.12 Mass spectrometric methods

The RP-HPLC fractions were analysed with mass
spectrometry at the State Technical Research Centre,
Espoo, Finland. The mass spectrometer was a Quat-
tro II tandem quadrupole mass spectrometer (Micro-
mass, Altringham, UK) with a Micromass MassLynx
data system. The electrospray (ES) interface was a
standard Micromass pneumatically assisted ESI
source operating with a capillary voltage of 3.2 kV
and temperature of 70 °C. Spectra of the fragment
ions were recorded using a cone voltage of 60 eV.
The mass spectrometer was operated in negative ion
mode. Tandem mass spectra were recorded with
collision energy of 30 eV using argon as a collision
gas (pressure of 5 x 1074 mbar).

For the matrix assisted laser desorption (MALD)
ionization, samples were prepared using the dried
drop method in which the matrix (a-cyanocinnamic
acid) was cvaporated from acetone solution to a
sample plate, to which the sample was added. Polar
molecules in thc samples were desorbed using a la-
ser pulse and then accelerated in an electric ficld of
10-18 kV cm!. The mass of the molecules was cal-
culated from the time of flight (TOF) to the mass de-
tector or ion mirror. Chl a was used as a reference
compound. From each sample 25 spectra were
measured and added together.
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4.4.13 NMR analyses

Aliquots of 5 ml of the EOX extracts of sediment
and sedimenting material were lyophilized. The
dricd material was dissolved in dg-acetone (CIL,
Andover, MA, USA) and filtered through glass wool
into NMR tubes. A few drops of tetramethylsilane
(CIL) were added to serve as reference. The spectra
were recorded at the Department of Polymer Chem-
istry, University of Helsinki, using a Gemini-200
NMR spectrometer. The 'H spectra were measured
at 200 MHz with a 1 s relaxation time, 45.5° pulse,
3.744 s acquisition time, 3000 Hz bandwidth and by
adding 128 spectra. The conditions for the 13C (50
MHz, 'H decoupled at 200 MHz) mcasurcments
were: 1 s relaxation time, 43.7° pulse, 1.498 s ac-
quisition time, 15000 Hz bandwidth; the total num-
ber of spectra added was 1024 (sedimenting mate-
rial) or 13264 (sediment).

4.5 Estimation of rate of sedimentation

4.5.1 Detection of 197Cs and calculation of
sedimentation rates

The gamma-spectra of the sediment samples were
measured with an UMKA spectrometer manufac-
tured by the Radiochemical Laboratory of the Kry-
lov Shipbuilding Institute, St. Petersburg, Russia.
The measurement takes place in 2n gecometry using
1024-channel Nal/T! scintillation detectors of 80 x
80 mm and 150 x 100 mm. Spectra were acquired
for 10-30 minutes and the obtained peaks were inte-
grated with a PC program. The system was cali-
brated with a 137Cs standard with initial 20.20 Bq
g'! activity; background activity ‘was subtracted from
sample activity. Finally, the activity of 137Cs was
plotted against sediment depth so that the 1986 fall-
out maximum could be located.

The average lincar sedimentation rate (v
cm a'l) was calculated as:

4) vi=zt!

where z is the depth of the radiocaesium maximum
(cm) and t is time (a) between sampling (June 1994)
and May Ist 1986. As sediment compaction was not
taken into account, the v” value expresses the aver-
age rate for the whole post-Chernobyl layer. The
average dry matter accumulation rate S was calcu-
lated as:

6) S=mAlr!

where m is the cumulative dry-mass over and includ-
ing the maximum activity layer (g) and A is the scc-
tional area of the corer (cm2).

4.5.2 Sedimentation rates from sediment trap
experiments

The fluxes were calculated as:

©) F mc 1A

comp ~ comp

wherc Feomp is the flux of the compound in question,

m is the total accumulated dry-weight during a given

time period, ¢ is the concentration (per dw) of
P comp p

the compound during the time period, t is the time of
collection (days) and A is the collecting area of the

sediment trap (m?).

4.5.3 Calculation of total EOX for the Gulf of
Finland

The total recent accumulation of organohalogen ma-
terial was calculated for the 0-1 cm sediment layer
for both the Kotka area (polluted sediments) and the
non-polluted sediments. The average chlorine con-
tent (in pg) in the surface layer was calculated and
extrapolated to include all Gulf of Finland recent
sediments according to:

M Miot,surf = May, surf Arcgion X 0.3

where myg, sucf is the average content of Cl in surface
sediments in the arca in question, myy, g is the av-
erage content of Cl in surface sediments from the
area, Arcgion is the area (2.86 x 1010 m? for the Gulf
of Finland and 1.4 x 109 m? for the Kotka arca), and
0.3 (30%) is the arcal share of accumulation bot-
toms. A value of 35% was used in the original publi-
cation V, but was changed to 30% to accord with
latest information (Winterhalter, GSF and Spiri-
donov, VSEGEI, pers. comm.)

An integrated value of the sedimentation of EOX
was obtained by using the depth of the Chernobyl
fall-out maximum (!37Cs) in sediments and by
calculating the total chlorine content in the 1 c¢cm
sediment layers from 1986 to 1994 (sampling time).
This was calculated as:

1
©)) My =ch m;

i=1
where myy is the total halogen content (Cl equiva-
lents) in the 1986-1994 sediment layer (Kotka area
and other locations), n is the depth of the !37Cs ac-
tivity maximum, c; is Cl concentration (ECX) in
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each 1 cm sediment layer, and m; is the dry mass of
the sediment layer.

For the studied compounds, the average fluxes
(Fcomp‘av) for the whole experimental period (May
17-September 22, 1995 and April 25-October 20,
1996) were calculated. Extrapolated annual sedimen-
tation for all Gulf of Finland accumulation areas was
calculated as:

® ACCtot,comp =Feomp,av X 365 d x
3x10109m2x 0.3,

where ACCig comp is the total sedimentation of the

compound in question, and 3 x 10'0 m?2 is the total
area of the Gulf of Finland.
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5 Results

5.1 Validity of results

The AOX and EOX methods were validated and
results are shown in Table 3. The recoveries and
repeatabilities of the methods were good, and the
intercalibration with another equivalent coulometric
system and NAA confirmed that the method is reli-
able, Interference from inorganic halides was minor
(<10%). In 10 cases out of 13 the fractionation of
halogenated material with SEC was successful and
the calculated sum total of the EOX fractions was in
agreement with the total EOX values from the origi-
nal, unfractionated samples.

Table 3. Validation and characteristics of the AOX and EOX methods. r = correlation coefficient. N.D. = not
detected. RSD = relative standard deviation. ¢ = standard deviation. * = GF2 sediment, sedimenting material
and Weddell Sea algae. **= to compare, NAA results were converted to X using formula X = 0.3 Br + Cl.

PARAMETER

VALUE

AOX

recovery from solution

88-98% (500-2000 g CI 1)

loss of chlorinated model compound with Ag*  N.D.

treatment

Reproducibility 2-5% (n = 30)

Correlation (r) with leachable halides 0.73 (paper I), 0.22 (paper II)
EOX

content of extractable material in final
concentrate
Amount (v/v) of X in extractable material*
content of X in possible precipitate
detection limit
recovery
linearity
injection repeatability

reproducibility
method repeatability

reproducibility
intercalibration (coulometry)

intercalibration with NAA**

contribution of halides

433 g1}

0.11-0.21%
1-2%

0.18 pg Cl gt
>92%
0.9986

RSD < 2%
RSD < 6%

5% <RSD < 17%

RSD < 7%

RSD < 8% (>50 pg Clgl)

RSD<25% (=2 ug Clg'h

r=0.982

difference -7.5...+14.0% (4.3-97 pg Cl ml!)
r=1.000

5-11% (washing-burning)

av. 8% (o = 4.7%, SEC-HPLC < 90 g mol"!),
0.5-0.6% (injection to coulometer cell)

EOX:AO0X

0.3-7.8% (av. 3.4%, open sca)

r = 0.67 (open sea)

2.3-9.4% (av. 5.6%, Kotka arca)
r = 0.92 (Kotka area)
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5.2 EOX concentrations in different matrices

All a{nalysed matrices (sediment, algal, plant and
other) contained detectable amounts of organic halo-
gens (Table 4). Especially the pure algal cultures

(4.8-11.9 pg Cl g')y and trap material from the

spring accumulation maximum (14.9-19.1 pg Cl g'1)
contained high levels of EOX. The lowest EOX lev-
els were found in clayey sediments, e.g. in the one
from the Weddell Sea, and in sediments collected in
winter time.

Table 4. Levels of EOX in marine and terrestrial origin samples in this study.

SAMPLE EOX (ug Clg! dw) REMARKS

surface scdiments from the

Kotka area and stations T2

open Gulf of Finland and T3 are excluded.
February-April 1993 0.5-6.0 (av. 2.5, 06 =1.7,n = 16)

June-August 1994 1.2-13 (av.5.5,0=2.7,n = 38)

Sediment trap material 4.0-19.1 Main species:

May 17- September 22, 1995  (av. 10.5,0=5.0,n=9) Achnanthes taeniata,

Thalassosira baltica baltica,
Skeletonema costatum,
Chaetoceros wighamii
Aphanizomenon sp.

Sediment trap material, April  2.7-14.9 (av. 7.6, 0 =4.5,n=9)  Main species:

25 - October 20, 1996

Achnanthes taeniata,
Chaetoceros spp.,
Diatoma tenuis,
Skeletonema costatum
Aphanizomenon flos-aquae

Anabaena lemmermannii 48 (n=1) cyanobacteria, lab. culture

Aphanizomenon flos-aquae 11.9(n=1) cyanobacteria, lab. culture

Ice algae from the Weddell 64,82 (n=2) Main species:

Sca Phaeocystis pouchetii,
Nitzschia cylindrus,
Nitzschia cf. closterium,
Fragilaria striatula,
Dactyliosolen antarcticus
(diatoms)

Sponge from the 13.3(n=1) Unidentified yellowish-

Weddell Sea brown sponge, length ca. 15
cm.

Weddell Sea sediment 0.2,0.6(n=2) clayey, low TC content

chlorophyll a below detection limit prepared from Anacystis

(Sigma chemicals C6144) nidulans

Needles of Picea abies 05(m=1) forest, Vihti, Southern
Finland

Spinach (Spinacia oleracea) 55(n=1)

commercial food product
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5.3 Areal distribution of AOX and EOX

In 1990, AOX pollution in surface sediments near
the Veitsiluoto Pulp Mill on the Bothnian Bay was
up to 590 pg Cl g'! dw (Appendix 1). AOX and
EOX results from 1993 and 1994 clearly showed the
pollution from pulp mills in the Kotka area (Figs. 7-
9, Table 5), where the sediments were systematically
contaminated and where contamination had spread at
least 30 km from Kotka to stations K22 and K23
(XV1) in the open sea, with the deeper sediments at
the stations containing more than 5 pg Cl g'! dw
(EOX). In the Kotka area the total organochlorine
content per core in the 1986-1994 sediment layers
was also substantially high (Fig. 8, Table 6). All
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muddy sediments around Kotka (K1-K9, KO1-KO9)
contained over 15 and usually over 20 pg Cl gt dw
(EOX), and the highest surface concentrations
reached 65 ug Cl g'! dw. Levels of up to 116 ug Cl
¢! dw were observed (at station K15) further out to
the sea. In the western Kotka area pollution was
evident in the mouth of the Ahvenkoski Bay (up to
38 ug Cl g'! dw). The total EOX content in the
surface sediments collected from the Kotka area in
1994 was estimated at 8 t (Table 6). However, in the
EOX levels from the Kotka area, the contribution
from natural, background EOX was not subtracted,
and total anthropogenic EOX in the Kotka area is
less.
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Fig. 7. EOX (ug Cl g-! dw) in surface (0-1 and 0-2 cm) sediments from the Gulf of Finland (A) and the Kotka

area (B) in 1993-1994.
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Fig. 8. Total EOX storages (ug Cl) in sediment core layers from May 1986 - June 1994. A = Open Gulf of
Finland. B = Kotka area.
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Fig. 9. AOX (ug Cl g-1 dw) in surface (0-1 and 0-2 cm) sediments from the Gulf of Finland (A) and the Kotka
area (B) in 1993-1994.
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Table 5. Concentrations of EOX and AOX in polluted sediments and of AOX in water from the Gulf of Finland.

AREA EOX AOX
Kotka 1993  15.70 ug Cl gl dw 420-620 ug Cl g*! dw
220-660 ug Clg! C 6700-10300 ug Cl gt C
60-155 ug Cl gl < 63 um 14702700 pg Cl g! <63 pum
(surface sediments) (surface sediments)
25-200 (av. 100) pg C11-!
(Bottom water)
13-120 ug Cl gl dw
Kotka 1994 165 990 ug Clg! C 3000 pg Cl I'! (500 m north of st.
(surface sediments) KO2, surface water)
Vyborg Bay, 19pgClg! dw, 18045 ... 240240 pg C1 1!
Sovetskiy 220pgClg! C (Bottom watcr)
1994 (3-4 cm sediment)
2610 (st. V12) -
Vyborg Bay 5542 (st. V1) ug CI I'1
1994 (Bottom water)
Tallinn Bay 10.0 pg Cl gt dw, 300 pg Cl 27£10 (st. T7) ... 75£18 (st. TS)
1994 gl C(st.T2) (Bottom water)

(1-2 cm sediment)

17.1 pg Cl gl dw, 310 pg Cl

gl C(st. T3)
(surface sediment)

220 ug Cl gl C(st. T7)
(surface sediment)

The maximum background EOX level was 10-
13 pug Cl gt dw. Apart from the listed values in
Table 5, background EOX values normalised to
carbon and fine particles were 15-115 pg Cl g”! C
and 1.7-16.3 pg Cl g'! <63 um respectively in open
sea sediments in February 1993. In Summer 1994,
the non-polluted sediments contained 30-190 ng
Cl g’! C. The corresponding AOX levels were 50-
180 pg Cl gt dw, 1000-4000 pg Cl g*! C and 70-
460 pg Cl g! <63 pm in February 1993, These
values represent the background levels before the
sedimentation of the spring bloom material.

Organohalogen pollution in the Neva Bay and the
open sea was not observed. In the Neva Bay surface
sediments contained EOX levels comparable to other
non-polluted sediments in the open sea: <0.1-1.7 pug
Clg! dw, 15-140 pug Cl g'! C and <0.1-4.7 pg Cl g1
<63 um in August 1993. The highest concentration
of 1.7 ug Clg'! dw was found near the harbour of

St. Petersburg, but it also did not show any cvidence
of organohalogen contamination.

Surface sediments in the Vyborg Bay contained
3-10 pg Cl ¢'! dw and the only indication of pollu-
tion was from station V4, where the over 3 cm sedi-
ment layers contained 7-19 pg Cl g dw. Also, at
V4 vertical EOX distribution showed reducing EOX
levels toward core top, which was not observed at
other Vyborg Bay stations.

The slightly elevated EOX (max. 17 pug Cl g!
dw) in some of the 1-2 ¢cm sediments from the Tal-
linn Bay (T2, T3 and T7, Table 5) may be a result of
water chlorination in the city. The AOX levels in
water from the Tallinn Bay were not as high as
found near Kotka, but were higher (up to 75 ug
Cl I'y than in the Vyborg Bay. Organochlorine
pollution from the Kehra mill was not observed in
sediments from lhasalu Bay, where EOX was 1-4 pug
Clg!dw.
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Table 6. Summary of sedimentation rates and total EOX quantities in the Gulf of Finland. * = UPM: pre-
1989 EOX using 1989 production values, Sunila: pre-1990 EOX estimated from 1990 production values.
** = estimated from 1995 production. TOTAL = extrapolated total sedimentation in accumulation areas in the
Kotka area and in the remaining part of the Gulf of Finland.

PARAMETER RANGE AV. STD n TOTAL (t)
Avcrage linear sedimentation rate  0.05-1.94 0.60 0.39 91

in 1986-1994 (cm a™)

Average dry-matter sedimentation  0.27-8.2 4.1 1.9 44 1.3x10’
rate in 1986-1994 (g m”*d™)

EOX in open sea surface sediments  6-83 42 18 39 72£31
(50 cm’) in 1994 (ug) : »

EOX in open sca sediments from 100-390 160 80 11 270140
1986-1994 (ug)

EOX in Kotka arca surface 28-336 96 58 24 845
sediments (50 cm’) in 1994 (ug)

EOX in Kotka area sediments from  210-5600 1330 1500 14 110130
1986-1994 (ug)

Dry-matter sedimentation rate at 0.75-4.1 1.5 1.1 9 4.9x10°
station GF2 in 1995 (g m* d")

Sedimentation of EOX at station 7.5-29 16.8 9 56

GF 2in 1995 (ug Clm* d")

Sedimentation of chlorophenolics <0.5-0.7 2 <3

at station GF2 in 1995 (ug m*d")

Dry-matter sedimentation rate at 0.50-1.6 0.85 0.38 9 2.8x10°
station GF2 in 1996 (g m* d")

Sedimentation of EOX at station 1.4-21.6 6.1 9 20

GF2 in 1996 (ug Clm™* d").

Sedimentation of Cl as specific 9 0.042
compounds at station GF2 in 1996

(ug Clm*d".

EOX output from mills

a) 1992-1993 23

b) 1986-1994* 440

c) Oct. 1994 - Oct. 1995 1.8

d) Oct. 1995 - Oct. 1996%* 1.7

The chlorine levels in polluted sediments from
Gulf of Finland studies of 1993-1994 are presented
in Table 5. Results from non-contaminated sedi-
ments are summarised in Table 4. The non-contami-
nated recent surface sediments over the whole Gulf
of Finland were calculated to contain 72 t CI (as
EOX, Table 6).

5.4 Vertical distribution of EOX

Examples of vertical EOX distribution in cores are
presented in Figure 10. In Appendix 2 there is a
complete presentation of all vertical EOX profiles.
Open sea sediments showed higher EOX levels in
the surface layer than in the decper sediments and
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the concentration increased toward the top of the
cores. In the surface layer maximum concentrations
were 10-13 pg Cl g'! dw and in deeper layers under
Sug Clgtdw.

In polluted sediments from Kotka area decreased,
constant and increased EOX sedimentation was ob-
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served. Muddy surface sediments contained 13-116
pg Cl g'! dw (Fig. 7, Appendix 2). The stations of
increased EOX sedimentation were located in the
outer Kotka area. Reduction in EOX sedimentation
was observed at a few stations in the inner area.
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Fig. 10. Examples of vertical EOX distribution in cores from the polluted area (Il; K18, K24, K27 and possibly T2)
and non-polluted area (; V5, J5 and T2). Error bars (+o) are not shown when smaller than symbols.
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5.5 Sedimentation according to sediment
trap. studies and the 137Cs method

The flux of specific organochlorines was very small
compared to the EOX flux (Table 6) and equal to
only 0.2% of the EOX flux. In 1996, PCBs were the
most abundant type of organochlorines in the Gulf of
Finland with total PCB sedimentation at about 60 kg
(VII). Other compounds were estimated as follows:
20.6 kg of DDTs, 10.9 kg of HCHs, 1.6 kg of HCB,
1.5 kg of chlordanes, and 0.51 kg of trans-nonachlor
annually (VII).

The 1995 sediment trap study showed that chlo-
rophenolic compounds were present in extremely
low concentrations. Sedimentation of EOX was
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Fig. 11. Sedimentation of EOX (pg Cl m-2 d-1, gray bars) and dry-matter (g m-2 d-1, black bars) in 1995 and 1996.
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——— dry matter 1995
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dry matter 1996

strongly dependent on the sedimentation of particu-
late material. Most EOX accumulated during April-
May (Fig. 11), with a small peak in the autumn.
Sedimentation fluxes were smaller in 1996 than in
1995. Total sedimentation of EOX and dry-matter to
Gulf of Finland accumulation areas (i.e. 30% of total
arca) arc given in Table 6. According to 137Cs
measurements, the average sedimentation rates for
1986-1994 in the Gulf of Finland varied between
0.05-1.94 cm a! and 0.27-8.2 g m2 d'! (Table 6).
The 1986-1994 sediment layers were calculated as
containing 110 t of Cl (EOX) in the Kotka area and
290 t of Cl (EOX) in other parts of the Gulf of Fin-
land.
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90 120 150 180

0 120 150 180

90 120 150 180

90 120 150 180
day



40 Kankaanpdd Monographs of the Boreal Environment Research No. 6
0 min 60
3ab
8507 1 a10
S il
% al j§a11
2 ;] a8a9 [
g ol5tee Y/ Il at3ata @15
g Eg82 a7 ==IJ= HH al2y i
x:,/ .rl i ’ i 1
=2 H |=LJ vy } \ | / i 1 1
= A A ATV )
[ R e s RS J s
%EOX
28 i 20 4 2 1 1
400 —] b3 b8 ]
z ‘ b6 |
g b5 | |l ;
= b1 b2 \f ‘ b9 }
2 ! L Mb7ita
3 | || ba [ } R
“1B | J ! vy U J i Ny
; oo .y N VRN \ K i
[ R e P o ~— - N\ RPN LRt
%EOX | 8.5 8.5 12 13 H 7 [PEOX

Fig. 12. RP-HPLC (A and B) and SEC-HPLC (C-E) chromatograms and distribution of EOX (black bars, %) in the

extracts of sediment and sedimenting material from station GF2 (unpublished results). A, C =

sedimenting

material. B, E = sediment (0-5 cm). D = polystyrene standard. a1-a15 and bi-b10 unidentified fluorescent
material (pigments). In the RP chromatograms peak a2 = b1, a6 = b2, a7 = b3, a8 = b4, a10 = b, a13 = b9 and
a15 = b10. In chromatogram C, c1 - ¢8, el - e6 are calculated MW peaks (see text). S = sulphur. a-h standard
peaks of 11600, 7000, 5050, 3250, 1680, 580, 162 and 92 g mol-! respectively. AU = absorbance units.

5.6 Chemical characterizations

The summarised results are presented in Table 7.
The MWD (Fig. 12) in sediment trap extract was
calibrated using polystyrenes, and the UV-absorbing
material was found at approx. 100-12000 (Fig. 12,
cl) g moll, with peaks (Fig. 12, c2-c8) at 2500,
1100, 900, 450, 320, 130 and ~100 g mol-!. Most of
the EOX was found in between 780-2560 g mol!
(38%) and 130-780 g mol"! (35%). In 0-5 cm sedi-
ment extract the MWD range was narrower, approx.

100-7000 g mol'! with peaks (Fig. 12, e2-¢6) at
1300, 900, 240, 130 and ~100 g mol"!. The molecu-
lar weight range of EOX was 130-780 g mol!
(68%), lower than in the trap sample. The last peak,
eluting at <100 g mol"! (48 minutes), is probably
from elemental sulphur, which was apparently more
abundant in the partly anoxic sediment sample.
Typical SEC profiles for Gulf of Finland sediments
(11, III) are presented in Figure 13 and show similar
MWDs in both non-polluted (station F55) and
polluted sediments (KO2).
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Table 7. The chemical character and uniformity of the sediment extracts. paper Il. 2paper [li. 3unpublished
results. aGulf of Finland sediments. bsediment trap material. *see Fig. 12. M, = number-average molecular

weight.

PARAMETER

VALUE, INTERPRETATION

MWD (254 nm)?

Typical peaks (approx.)?

MW maximum (EOX)?2

M, (254 nm)?

M, (EOX)

80-20000 g mol, 63% <1000 g mol™! (n=13)!,
<100-20000 g mol-! (n=6)2

140-150 g mol-! (n=9), 400 g mol"! (n=5), 500 g mol"! (n=7), 800-1100 g
mol™! (n=9), 1300-1500 g mol'! (n=2),
1700 g mol-! (n=11), 2500 g mol-! (n=6), 4500 g mol*! (n=5)!

90, 130, 220, 400 and 900 g mol"! (n=6)2

500-1700 g mol-! (n=3), 600-2900 g mol-! (5i=7)’,
1250 g mol'! (n=4), 2100 g mol! (n=2)2

55% of EOX in range 700-2300 g mol™! (n=7)!
650-1210 g mol"! (n=6)2

870-1550 g mol"! (n=6)2

UV-VIS maxima?

Br:Cl (NAA)

TLC?

205 nm (n=13), 260-265 nm (n=13), 277 nm (n=8) and 411-416 nm (n=12)!.
Chlorophylls and pheophytins.

1:6.86 (n=1)32

1:15.6 (n=1)30

R¢ 0.96 (blue), 0.93 (dark, 254 nm excitation), 0.91 (blue), 0.82 (red), 0.79

(red), 0.71 (red), 0.68 (red), 0.64 (red), 0.62 (red), 0.59 (red), 0.57 (red) and
0.44 (red) (n=10)3. Fluorescent algal pigments.

1H NMR, 13C NMR®b

dominantly aliphatic compounds with (conjucated) C=C bonds (84 6.56-6.57),
CH,-O- (x = 1-3, 8,;3.54-3.68, 4.1-4.4, 3 62.79), possibly aromatic structures
(8 6.83, 6.96 and 7.85, 8 130.6), but in low quantities according to 'H

ES-MSP
HPLC fractions 1-3*
MALD-MSP

MS-MSP
HPLC fraction 1*

HPLC fraction 2*

HPLC fraction 3*

spectra.’

no positively charged organic ions. Negatively charged ions from aliphatic
saturated and unsaturated hydrocarbons and also Cl and Br compounds, mainly
m/z <400, maximum at m/z 250-270.

molccules of <600 mv/z. No chlorophyll structures.

fragment m/z 35 from parent ion nvz 267: possibly Cl. No Br.

fraction contains CI. Parent ions m/z 253 and 283 contain no Br or Cl. nvz 235
may be from a carboxylic acid.

fraction contains Cl, and possibly Br. Parent ion m/z 281 does not contain CI.

The broad maximum at 410-415 nm in the
UV/VIS spectra (Table 7) suggests that chlorophylls
or pheophytins are present in the EOX extracts. The
spectra from all samples were very similar. The fluo-
rescent peaks detected indicated that the sediment

trap samples contained more pigment material. Polar
and semi-polar halogenated molecules were domi-
nant in both trap material and bottom sediment. In
the bottom sediment sample there were more polar
EOX molecules than in the trap sample (Fig. 12).
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According to the RP-HPLC most of UV-absorbing
material cluted in the semi-polar to non-polar region
of the chromatogram, while most EOX eluted in the
polar region.

The TLC separation of organic material in sedi-
ments produced several characteristic fluorescent
spots (Fig. 14) between Ry values 0.44 and 0.96. At
Ry 0.93 a dark band (between A and B in Fig. 14)
was observed with 254 nm excitation. Most fluores-
cent material was observed at R¢> 0.6 and was thus
dominantly semi-polar - non-polar. The extracts
from more clayey, organic material-depleted sedi-
ments J7, T1 and V3 contained less fluorescent ma-

terial than the extracts from muddy sediments. TLC
showed that the pigment composition of the sedi-
ments is very uniform.

No clear resonances from chlorophyll compounds
were observed in the NMR spectra (Fig. 15). Most
(240 units) of the 'H resonances came from aliphatic
compounds, less (max. 7 units) from aromatic com-
pounds. No resonances can be attributed to halogen-
ated compounds although they are present according
to the EOX measurement. Possible resonances from
halogenated compounds may be obscured by the
strong signals from non-halogenated material.

0 W > =2

Fig. 14. TLC chromatograms of EOX preparations from Gulf of Finland sediments showing uniform
composition of fluorescent material. Plate illuminated with 366 nm light. 1, 11 = st. V1 1-2 cm. 2 = st. V6 2-3
cm. 3=6t.V334ecm. 4=st.J72-3cm. 5 =st. T32-3cm. 6 =st. LL7 0-1 cm. 7 = st. T1 3-4 cm. 8 = st. K26
4-5 cm. 9 = st. K1 4-5 cm. 10 = st. K8 1-2 cm. 0 = start-line. 1 = eluent front. A-K observed individual spots.
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As in NMR, the non-halogenated mass peaks HPLC fraction 2 (A in Fig. 16) using SEC, but the
may mask the possible halogenated peaks in the ES- latter ones were not observed in the ES-MS or
MS spectra (Fig. 16), and no mass peaks resembling MALD-MS spectra. This may indicate that the heav-
those of chlorophylls (Dornemann and Senger 1986) ier molecules were somehow lost in the preparation
were observed. Molecular weights of 300-600 and of MS samples or in the MS analysis itself.
850-1400 g mol™! (not shown) were detected in the
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Fig. 16. An ES/MS spectrum of EOX preparation of sedimenting material from station GF2. A = whole
spectrum. B = magnification of the m/z 200-375 region. * = peak analysed using MS/MS later.
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The ions with the highest intensity in HPLC
fraction 1 had m/z values of 267 and 269. Around
the peak of intensity fragments with m/z 14 intervals
were observed. The main peaks can be identified as
originating from norphytene, from 6,10,14-
trimethylpentadecan-2-onc and from pristane, all
degradation products of phytol (296 g mol!). In
fraction 2 (Fig. 16) the main ions were m/z 255
(2,6,10-trimethylpentadecane) and 253 (6,10,14-
trimethylpentadec-1-ene), also degradation of phy-
tol.

5.7 Aquarium experiments and effects of
BKME on M. affinis

The sediments in aquaria contained only 0.10-
0.76 ug Cl gl dw after one-week of exposure to
diluted BKME containing 2500-2700 pg ClI 1L,
Irreversible adsorption of EOX to sediments did not
occur during this short-term exposure and from this
it seems likely that EOX transport mediated by sedi-
menting particles is the dominant process in pulp
mill recipients. ANOVA showed (p = 0.0063) that,
in three cases out of four, introduction of BKME
reduced the nocturnal swimming activity of M. af-
Jfinis (Fig. 17) which retreated to the sediment. The
BKME exposure did not affect diurnal rhythms. The
adverse effects are not irreversible since the animals
almost recovered their original nocturnal swimming
activity.

6 Discussion

6.1 Applicability and reliability of the meth-
ods

Since interference by inorganic halides was ruled out
by the validation (Table 3) and by using a method
similar to the original that was validated by Martin-
sen et al. (1988), analytical artefacts in the EOX
method can be excluded. The sum parameter meth-
ods used were reproducible and the microcoulomet-
ric detection compared well with the NAA. In EOX
analysis interference from halides and sulphides was
insignificant (Table 3) indicating that the results
were truly representative of the organic compounds
present, but in AOX the contribution of halides or
sulphides could not be totally excluded. The low
correlation coefficient for AOX and chloride in open
sca sediments suggests that there is no interference.
The AOX results from the open sea and polluted
area sediments are comparable with results obtained
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using a similar AOX method for sludges (200-
400 and >1000 mg Cl kg'! dw) and scdiments (10-
160 mg Cl kg! dw) (Hoffmann er al. 1988). Correla-
tion of AOX with EOX was good (r=0.92) in the
Kotka area sediments, but not so good (r=0.67) in
the open sea sediments (Table 3). This supports the
theory that the two parameters are not directly
comparable (e.g. Wulff er al. 1993). Nevertheless,
the AOX method for sediments can be used to
distinguish between polluted and non-polluted areas.
With the EOX method larger variability in halogen
concentration was observed than with the AOX
method. For instance, in the Kotka region in 1993
the difference between the largest and smallest AOX
value from muddy sediments was 1.5-1.8 fold, but
with EOX it was 3-4.7 fold. Normalisation to dry
weight produced the largest variability.

In most cases the non-polluted scdiments ana-
lysed had an oxidised surface and obviously con-
tained more sulphide (as HyS) in the deeper layers,
which may interfere with AOX measurements (Grgn
and Dybdahl 1996). During the sediment lyophilisa-
tion and homogenisation, the sulphides are mostly
oxidised to sulphates. Thus the theoretical bias from
sulphides to EOX and AOX values should produce
profiles with increasing halogen concentrations to-
ward the deep layers, but this was not observed. It is
unlikely that sulphides interfere in the microcoulo-
metric detection, which was, furthermore, reliable
according to the NAA inter-comparison. Interference
from other sulphur compounds would also have been
detected in the HPLC-SEC fractionation, where low-
molecular-weight inorganic compounds elute last,
but this last fraction represented only a small contri-
bution of the total EOX. Organic sulphur and nitro-
gen compounds may also interfere with the micro-
coulometric detection, but combustion of approx.
0.5 mg of sulphur or nitrogen compounds docs not
interfere with the detection (Grgn 1990). Using
cyclohexane/2-propanol extraction Remberger et al.
(1990) found that nitrogen was absent and that sul-
phur accounted for 10-20% of Baltic sediment ex-
tracts. The content of nitrogen and sulphur com-
pounds in the AOX and EOX preparations of the
present study is unknown, but, then again, the suc-
cessful NAA inter-comparison excludes such inter-
ference. )

Chloride from plant cclls may causc positive bias
to AOX measurement when measuring plants, but its
effect in sediments has been reported negligible due
to the relatively small amount of the cells (Nkusi and
Miiller 1995). Inorganic chloride in soil and micro-
organisms has not been found to disturb analysis of
leachable organic halogens (Asplund ef al. 1994). In
EOX measurements the bias from chloride with
similar samples was small, as demonstrated by the
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Fig. 17. Changes in the swimming activity of M. affinis in the test (2-5) and control aquaria (1 and 6). Aquaria 2
and 5 contained low concentration of AOX, aquaria 3 and 4 higher concentration. C-period = control period. T-
period = test period with 1994 BKME from Sunila pulp mill. R = recovery period. Error bars = standard deviation.

EOX validation (Table 3). The zero result from the
measurement of the Chl a sample showed that the
microcoulometric instrument is not affected by Mg
in samples. Obviously the commercial Chl a prepa-
ration is also frec of Chl RC L.

The use of the Chernobyl fall-out as a time
marker is comparable to the use of, for example, Hg
by Pitkédnen in the Ahvenkoskenlahti Bay (Pitkinen
1994). The reliability of such methods is dependent
on the firm sorption of the marker to material in the
sediment column. The majority of the !37Cs has
been reported in an immobile form, with only 10-
20% in a mobile form (Crusius and Anderson 1995).
In consequence, the position of the radioactivity
maximum will tend to stay in the original sediment
layer, but the peaks will spread. Bioturbation also
affects the vertical distribution of radiocaesium. The
result of these phenomena can be seen in the 37Cs
profiles presented in paper VI, where the peaks were
spread more toward the core top than downward, but
had well-defined '37Cs maxima.

The 137Cs dating of sediments yielded sedimen-
tation rates comparable to the values from the sedi-
ment trap studics. The sedimentation rate for station
GF2 was 1.4 g m2 d-! during 1986-1994 according

to 137Cs and 0.85-1.5 g m'2 d'! in 1995 and 1996
according to the trap results. Recent comparisons
with Gulf of Finland sediments showed that the
137Cs method produces results that compare well
with 219Pb dating (llus et al. 1997). Also, in many
cases, 210Pb results have been confirmed using 137Cs
distribution (e.g. Pempkowiak 1991).

Total EOX sedimentation from 1986-1994 is
only an approximation, because the exact time gap
between the atmospheric fall-out and maximum
sedimentation of !37Cs on the sea-bed is not known
well enough. The data from the Finnish Centre for
Radiation and Nuclear Safety (Ilus er al. 1993) sug-
gests that it may have taken 1-2 years for all the
Chernobyl fall-out to sediment. However the maxi-
mum sedimentation should have taken place directly
after the accident on April 25, 1986, which was just
before the spring bloom in the Gulf of Finland. In
1994, the main bottom sediment sampling took place
in June, i.e. when only part of the sedimentation had
reached the sea-floor. According to the 1995 results
(V), it takes approximately one month before EOX
material reaches the bottom, which means that the
extrapolated, surface EOX values for 1994 may be
an underestimation.
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Due to uncertainty with the areal share of soft,
recent deposits in the Gulf of Finland, the extrapola-
tions of total EOX and dry-matter sedimentation are
not more than estimates. It must also be remembered
that the trap results are only from one location and
show rather high year-to-year variability. The ex-
trapolation is not as accurate as if several trap loca-
tions had been used.

6.2 Polluted areas and transport of
pollutants

Although the Neva estuary is known to be heavily
polluted by metals and hydrocarbons, the low con-
centrations of EOX in the inner Neva Bay and out-
side the flood protection barrier indicated no or-
ganochlorine pollution from the city of St. Peters-
burg and Lake Ladoga. This is important since it
outrules any idea that open sea sediments in the Gulf
of Finland are being contaminated by a large-scale
source in the cast.

In the Neva Estvary, none of the surface sedi-
ment concentrations exceeded 1.7 ug Cl g'! dw and
there were no clear patterns or gradients of EOX or
AOX along the transect F42-F40E - Neva Bay (Fig.
7, Appendix 1). The sediments from this area were
of low carbon content and probably represented
mainly areas of transportation. Even so, the surface
sediments would have shown some indication of
pollution if sources were present.

Pollution from the Kymi River and Kotka town
extends south-east to at least 30 km out into the open
sea (south-cast), to where in 1994 EOX in the sur-
face sediment was still 17 pg Cl g (Fig. 7). Simi-
larly, Martinsen et al. (1994) found that there was
EOCI up to 26 pg Cl g'! dw in surface sediments
29 km off the Iggesund area in Sweden..

6.2.1 The Kotka-Kymi river area

Looking at the overall AOX and EOX results in
Figures 7-9 and Table 5, the impact of the mills
along the Kymi River and in the Kotka area is
cvident. Concentrations of EOX were up to 10 times
greater than the maximum concentrations of 10-13
ug Cl gt dw and 150-200 pg Cl g! C in non-
polluted sediments. Maatela (1995) reported total
organochlorine levels near pulp mills in central and
western Finland up to 40-fold higher than in
reference areas. In the present study, the
corresponding maximum value was of the same
magnitude, 20-30 fold, when compared with the
non-polluted summer sediment samples with their
average EOX values at approx. 5 ug Cl g'! dw. The
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total amount of Cl in sediment layers from 1986-
1994 showed the clearest difference between the
Kotka area (210-5600 pg Cl per core) and the non-
polluted Gulf of Finland (100-240 pg Cl per core,
Fig. 8). It is probable that most of the EOX from
pulp mills is deposited already in the Kotka area,
where sedimentation rates are high, frequently over
1 cma’! (Appendix 1).

It is not known how much further from the core
sites in the Kotka area the polluted sediments can be
found. Within 30 km from Kotka all the sediments
were polluted and thus at least within this range,
about 1400 km? of seabed are polluted by the pulp
mills. Outside the known polluted area EOX will
cventually reach its background level, and pollution
cannot be distinguished. Vartiainen er al. (1997)
analysed the distribution of PCDD/Fs near the ma-
rine dumping site of Neste oil refinery at Skoldvik,
northern Gulf coast, and observed that natural back-
ground of PCDD/Fs was achieved after only a few
kilometers from the source. The organochlorine
pollution in Kotka arca is local, but not as localised
as that in the Skoldvik area,

Due to the average currents in the northern Gulf
of Finland, BKME is expected to flow westward and
not to Vyborg Bay and even less likely to Neva Bay
or to the south. EOX levels in all samples east of the
Kotka area were infact low (Fig 7). Most of the pol-
lution in the Ahvenkoski Bay probably comes from
the pulp mill in Kuusankoski. To a large extent ma-
terial from the UPM mill is deposited within 30 km
downstream of the mill (V). The EOX that reaches
the western river branch is effectively deposited in
the Ahvenkoski Bay, where sedimentation rates
reach 1.9 em a’! (V) and EOX was up to 38 ug Cl
g'! dw, which is comparable to the EOX observa-
tions from the Gulf of Bothnia (Palm and Lammi
1995).

In the Kotka arca the complex nature of the sea-
bed (Fig. 3) and the varying transport and accumu-
lation conditions all affect the distribution of EOX.
Vertical EOX distribution in sediment cores from the
outer Kotka area indicated increased deposition of
EOX, while opposite trends were observed in the
inner Kotka area (V). Reductions in the use of chlo-
rine at the mills in Kotka and Kuusankoski was not
clearly reflected in the vertical EOX distribution in
sediment cores. In case of stations K2, K4, K5, K7,
K8, K11, K12, K24 and K26, where the recent EOX
concentrations are down from previous levels, only
K2, K5 and K7 showed a distinct decrease
(Appendix 2). The rest of the stations in the Kotka
area showed constant or cven increasing EOX sedi-
mentation, which is evidence that secondary sedi-
mentation processes, e.g. lateral transport, are con-
tributing to EOX sedimentation in this arca.
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Organic chlorine compounds from industrial
sources began to enter the Baltic Sea in the 1940’s
(Wulff et al. 1993). In the cores from the Kotka area
the deepest layers (not dated) were probably not
older than the mid-1940’s, and did not represent the
correct vertical EOX background value. In contrast,
in non-polluted areas of low linear accumulation
rates, the deepest sediments reflect more closely
natural background values.

Maximum sedimentation of total PCDD/Fs
(reflecting both Ky-5 and pulp mill emissions) in the
Ahvenkoski Bay occurred in 1960 (Verta, FEI, pers.
comm.). In this study cores were only dated from
1986, so that the 1960 sediment layer was not lo-
cated in any of the samples. Thus it is possible that
the vertical profiles (Appendix 2) for the polluted
scdiments analysed in this study do not show the
possible maximum EOX levels.

At stations K3, K15, K17, K18, K21, K22 and
K23 the abrupt (by 20-80 pg Cl g*! dw) clevation of
EOX values in the polluted surface sediments may
not be explained solely by the appearance of the
fresh planktonic cover, but rather by recent, lateral
transport of sediments. All these stations, except K3
and K17, represent areas of high sedimentation rates
(approx. 0.6-1.6 cm a’!), and are situated in the outer
Kotka area, south of the town. The abrupt increasc in
the outer area may be due to recent remobilisation of
polluted sediments close to the town. Sedimentation
of EOX in the Kotka area was not depth-dependent,
in contrast to, for example, trace metals in the Gulf
of Bothnia (Leivuori and Niemistd 1995).

In comparing the results from the Kotka area in
September 1993 with summer 1994 it can be seen
that the results from around the Kotka island are of
the same order in the both cases, except for station
KO9 (K9 in 1994), where the surface concentrations
were 24 and 65 pg Cl g'! respectively. The bottom
variability (Fig. 3) may in part explain the differ-
ence, since the distance between stations K9 and
KO9 was only about 500 m. Accordingly, the pollu-
tion load around Kotka island did not change be-
tween 1993-1994, which also agrees with the calcu-
lated, rather constant, EOX output from the mills
during the same period (Table 6, Fig. 5).

Threshold concentrations to distinguish between
polluted and non-polluted surfacc sediments can be
drawn from the non-polluted sediment and Kotka
arca results. For EOX the threshold values are ap-
proximately 10-13 pg Cl gt dw, 200 ug Cl gl C
and 30 pg Cl g'! <63 um. For AOX the threshold
values are approximately 250 ug Cl g7} dw, 5000 pg
Cl gl Cand 1400 pg Cl g'! <63 um. Also the CI:C
ratio can be used to distinguish of polluted
sediments; ratios over ~1:5000 (EOX) indicate an-

thropogenic pollution while values of ~1:26000
indicate natural organohalogens.

Palm and Lammi (1995) have reported that EOX
fluxes have reduced markedly in a pulp mill recipi-
ent arca in the Gulf of Bothnia after construction of
a secondary activated sludge plant. The reduced flux
was reflected in the sediment cores, in which, in two
cases out of three, EOX (petroleum ether extraction)
levels decreased from up to ~70 to ~10-20 ug Cl g*!
dw. In the third polluted core they found rather con-
stant vertical EOX levels in the 0-12 cm sediment
layer, resecmbling the profiles obtained for many
Kotka stations in the present study.

The decrease in output of EOX from the mills
between 1992-1994 (Fig. 5) may prove to constitute
a time marker that may be used analogously with
137Cs or Hg mcasurcments (Pitkdinen 1994), al-
though in 1994 no sudden EOX decrease in Kotka
arca sediments had been observed. Today the surface
sediments may be already reflecting the changes in
EOX output.

Transport of AOX from the Saimaa mills to Lake
Ladoga has been demonstrated (Jokela ef al. 1992),
but no trace of pulp mill effluents from Lake Saimaa
was observed in Vyborg Bay sediments (Fig. 7). The
AOX concentrations in bottom water were higher in
the northern (55 pg C1 I'!) than in the southern part
of Vyborg Bay (26 pg Cl 1'1), which may be duc to
the waste waters from Sovetskiy. The water from
Lake Saimaa is humic rich and may contain natural
AOX, as described by Grimvall and Asplund (1991),
and may thus be contributing to the AOX distribu-
tion in Vyborg Bay. Chlorination of municipal water
in the town of Sovetskiy may explain the observed
high AOX levels in the water of the easternmost part
of the Bay and the high EOX level in the deep sedi-
ment at station V4.

The slightly elevated EOX (max. 17 pg Cl g}
dw) in some of the Tallinn Bay sediments (Table 5)
may result from chlorination of the city water sup-
ply. The AOX levels in water from the Tallinn Bay
were not as high as those found near Kotka, but were
on average higher (up to 75 ug CI 1! at station T5)
than in the Vyborg Bay. Organochlorine pollution
from the Kehra mill was not observed in sediments
from the Thasalu Bay, where EOX levels were only
1-4 ug Cl g'! dw. Results indicated that the use of
chlorine chemicals has been low.

6.2.1.1 Adverse effects of pulp mill effluents

Both past and present organochlorine pollution from
the pulp and paper industry was clearly seen in the
Kotka area and along the Kymi River in 1994. In
general, the old discharges are being rapidly covered
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by new sediment layers, especially in near coast ar-
eas with high sedimentation rates, but the old depos-
its could still cause problems if the bottom is dis-
turbed by some episodic events. In 1994, however,
EOX concentrations in the surface sediments were
still high. It may thus be that the benthic fauna will
be subjected to chlorinated compounds from the
mills at many locations for many years to come.

HMW organochlorines from bleaching are con-
sidered non-toxic (Paasivirta et al. 1997). In the
sediments analysed in the present study, the amount
of <1000 g mol"! EOX material was substantial,
usually over 50% according to the SEC analyses. It
is thus possible that the bioavailability of EOX in
polluted sediments from Kotka is relatively high, at
least in the uppermost sediment layers. On the other
hand, natural production forms a significant contri-
bution to the LMW material (Fig 13, II).

The adverse effects of BKME on Monoporeia
affinis (Fig. 17) may be due to the predominant non-
halogenated compounds, which also have been dem-
onstrated as harmful (Sundelin 1988, Pesonen and
Andersson 1992, Tana et al. 1994). In the exposure
test, the BKME from the Sunila mill, produced dur-
ing chlorine/chlorine dioxide bleaching, had not
been subjected to secondary-activated sludge treat-
ment. Also Cl/CIO, bleaching seems to produce re-
latively high AOX concentrations (~8000 ug Cl 1-)
in BKME.

Xenobiotic molecules may be released from
sediment if the concentration of the xenobiotics de-
crease in the water column (Kukkonen 1992). Ad-
sorption by sediments of chlorolignin compounds
from pulp mill effluents is strong, but not irreversi-
ble. Desorption from Baltic sediments occurs more
readily than from fresh water sediments (Pellinen
1994). Thus, in arcas of lower sedimentation rates or
lateral sediment transport within the impact area of
the Kotka pulp mills, the organochlorine material in
surface sediments may be bioavailable for several
years.

6.3 Evidence of extensive natural
organohalogen production

The distribution pattern of EOCI, EOX and
EOCVEOBTr (@stfeldt er al. 1994) gave evidence that
open sea sediments in the Gulf of Bothnia were af-
fected by industrial organochlorines, but, alone,
long-range transport of pulp mill effluents cannot
explain the presence of organohalogens in the open
sea. Jonsson et al. (1993) reported that levels of
trichloroguaiacols correlated with levels of EOCI in
sediments from areas polluted by pulp mills. In the
present study, there was no indication of chlorophe-
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nolic compounds in the open sea samples, and the
EOX is probably therefore not from pulp bleaching.
As chloride and bromide are readily available as
substrates in the marine environment, the abundance
of natural organohalogens in the sca is not surpris-
ing. The key observations that support the hypothesis
of significant contribution from natural organohalo-
gen production by algae are:
1) organohalogen levels appear uniform in non-
polluted Gulf of Finland sediments
2) EOX was detected in all analysed marine and
terrestrial samples, including samples not affected
by pollution
3) EOX concentrations in different matrices de-
crecased in the order: algae, sedimenting material,
summer scdiments, winter sediments
4) therce was a scasonal variation in EOX scdi-
mentation, connected with algal blooming
5) the EOX output from pulp mills was much lower
than the total amount of EOX sedimenting or in
surface sediments
6) the analysed specific organochlorines occurred in
very low levels in sedimenting material
7) EOX concentration increased toward the top of
the sediment cores, although the output from the
mills has decreased markedly.

These points will be discussed in detail below.

6.3.1 Presence of halogens in all matrices

EOX was observed in all samples, which indicates
that the natural organohalogens are present in a large
variety of organisms, including marine samples, the
samples from the pristine Weddell Sca and the ter-
restrial samples of spruce and spinach (Table 4).
Levels of EOX in non-polluted surface sediments
from the Gulf of Finland were uniform, within 0.5-
13 ug Clg! dw.

EOX levels in the marine samples decreased in
the order: algae > trap material from a warm sum-
mer > trap material from a cold summer > summer
sediments > winter sediments (Table 4). This order
is apparently caused by the proceeding degradation
of EOX-rich algal material. Winter sediments are
subjected to the degradation of organic material for
the longest time and thus contain the lowest EOX
levels.

The presence of EOX in spinach demonstrated
that EOX may arise from the presence of the Chi RC
I found in spinach by Dornemann and Senger (1982),
and that the Chl RC I is readily detected by the EOX
method used. Altogether, the marine and terrestrial
samples supported the theory of a global presence of
natural organohalogens. This theory was first put
forward in study of soils by Asplund and Grimvall
(1991).
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6.3.2 Seasonal sedimentation of EOX

Sediment from winter 1993 contained less EOX than
sediment from summer 1994. For instance, at sta-
tions F38 and XV1 EOX concentrations in 1993
were 2.2 and 6.0 ug Cl gl dw respectively, while
the corresponding values in 1994 were 6.7 and 17.5-
20.8 ug Cl g'! dw respectively. This time-depend-
ence is probably caused by the degradation of EOX
material after autumn, and the subsequent deposition
of EOX-rich material in spring-summer. Bottom
scdiments reflected the sedimentation of EOX-con-
taining material. At station GF2 the surface sedi-
ments contained 4-5 pg Cl g'! dw before the spring
bloom and 12 pg Cl g} dw after the spring maxi-
mum, thus the sedimentation of the organohalogens
from diatoms (VII) thus took approximately onc
month to reach the sea-floor (V).

Weather conditions affected the seasonal pro-
duction of EOX at station GF2. In the warm summer
of 1995, the dry-matter and EOX sedimentation
were cffective, whilst in the cold summer of 1996
the both fluxes were low. This phenomenon proba-
bly is due to weather-dependent algal growth.

6.3.3 Sedimentation and total quantities of
organic halogen in sediments

According to the 137Cs dating, the calculated sedi-
mentation of dry-matter in the active sedimentation
arcas for the 1986-1994 period was 0.60£0.39 cm a-!
and 4.1£1.9 g m2 d-! (Table 6), or 0.18+0.11 cm a’!
and 1.240.6 g m2 d*! for the whole Gulf of Finland.
The average sedimentation in the sediment traps at
station GF2 was on 0.85-1.5 g m2 d!. The average,
lincar sedimentation rates are close to estimates of
0.16 cm a! (Perttili er al. 1995) and 0.4 cm a’!
(Salo et al. 1986) for the whole Gulf of Finland.

Natural sources are mainly responsible for the
present flow of EOX in the Gulf of Finland. The
anthropogenic EOX from pulp mills, atmosphere,
and diffuse sources have only a minor contribution
to the total budget. The mass-balances of EOCI re-
ported by Wulff et al. (1993) indicated that pulp
mills were the main source of organochlorine com-
pounds to the Bothnian Sca and Baltic Proper in
1988-1989. However, Wulff et al. (1993) did not
take into account the natural EOCl component in
their calculations, although they recognised that it is
of potential importance.

For the calculations in the present study,
EOX/AOX relations of 0.5-3% (Berry et al. 1991,
Martinsen et al. 1992) were used, depending on the
bleaching process, to estimate the EOX output from

the pulp mills (Table 6). The amount of chlorinated
compounds from the UPM Kymmene pulp mill in
Kuusankoski retained in Kymi River sediments is
not known. It is however certain that an appreciable
fraction of the EOX from the mill is deposited in the
river and the inner Ahvenkoski Bay (V). Thercfore,
the actual total output of EOX material from the
mills to the Gulf of Finland is lower than the calcu-
lated value given in Table 6. The integrated content
of EOX in sediments between 1986-1994 indicates
that, proportionally, pulp mill-derived - material
forms a greater fraction of the total EOX than the
surface sediments, but the large variance in total
EOX in the cores from the Kotka area (Fig. 8, Table
6) makes calculation of exact relations difficult.

The trap results from 1995-1996 showed that
deposition of specific organochlorines was negligi-
ble compared to the total EOX sedimentation (Table
6). The highest EOX concentrations and fluxes were
observed in spring when diatoms were the most
abundant algal species. Dominant species during the
spring bloom in 1995 and 1996 were Achnanthes
taeniata, Chaetoceros spp. and Skeletonema costa-
tum, and it would be of interest to analyse pure cul-
tures of these diatoms in the future.

According to the trap results, the EOX output
from the mills was only 4-10% of the extrapolated
EOX sedimentation over the whole Gulf of Finland.
The difference between the extrapolated sedimenta-
tion of EOX in 1995 and 1996 was probably due to
different amounts of primary production during
those years. The differences cannot be explained by
changes in output from the pulp mills. Using the
values of wet precipitation of EOX (Jokela et al.
1992, Wulff et al. 1993), the Gulf of Finland should
receive approx. 1-13 t of EOCI from the atmosphere
annually. Chlorine disinfection of water as an EOX
source is negligible (Jokela et al. 1992). In order to
obtain a comprehensive picture of the flow and
mass-balance of chlorine in the Gulf of Finland, data
on concentrations of total organohalogens and spe-
cific compounds in water, air, biota and sediment
should be available. Unfortunately such comprehen-
sive data is not available, but, by using the data from
the present study and the above-mentioned works,
the sources and sediment stores of EOX in the Gulf
of Finland may be illustrated schematically (Fig.
18).

By using the EOX fluxcs of 1995, when the dry
matter flux was closer to the average sedimentation
of 1986-1994 (Table 6), the contribution of natural
production to the present total EOX sedimentation
would be 70-90%. According to the surface sediment
EOX content (Table 6), the polluted sediments in the
Kotka area comprised, on average, only approx. 10%
of the total EOX in Gulf of Finland sediments. This
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Fig. 18. Schematic representation of the EOX balance in the Gulf of Finland today.

is in accordance with observations of Hoekstra and
de Leer (1994), who reported that 30-70% of the
total AOX in the River Rhein was natural.

6.3.4 Possible causes of vertical EOX
distribution in non-poliuted sediments

Although EOX output from the mills has decreased,
all the surface sediments from areas other than
Kotka contain more EOX in the surface sediment
than in the lower layers (Fig. 10, Appendix 2). This
cannot be explained in any other way than by natural

EOX production. Palm and Lammi (1995) found a
similar surface EOX increasc in a non-polluted core
from the coastal Bothnian Sea. The vertical EOX
concentrations in non-polluted cores also resemble
the profiles reported by Hékanson et al. (1988) for
the open Bothnian sca sediments, where the EOCI
increased upward in the sediment cores and the
maximum natural EOCI concentrations were approx.
10 pg Cl g'! dw. This is close to the EOX threshold
level for polluted and natural sediments used in the
present study. EOCl and EOX are not exactly
equivalent because EOX may have a contribution
from brominated compounds, but the results of NAA
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showed that the bromine content was almost insig-
nificant compared to the content of chlorine in sedi-
ments from station GF2. It seems that EOX results in
this study may be comparable to the EOCI analysed
in earlier studies (e.g. Jonsson 1992, Sédergren et al.
1993). Hakanson et al. (1988) also recognised the
contribution of natural EOCI in surface sediments
and attributed the shape of the EOCI profile in the
cores to sediment compaction, downward increase in
organic material degradation and upward mobility of
EOCI-containing material.

In the non-polluted sediments, the vertical distri-
bution of EOX is less influenced by sedimentation of
pulp-mill-derived material or terrestrial humic or-
ganohalogens (Asplund et al. 1989, Asplund and
Grimvall 1991), than it is by the halogenation-deha-
logenation reactions of the deposited organic mate-
rial. For example, chlorophenols and chlorocatechlos
are dechlorinated into phenols and chloride by mi-
crobes in anoxic sediments (Abrahamsson and Klick
1991, Liu et al. 1996, Neilson et al. 1990), and by
bacteria of the genera Rhodococcus (Apajalahti and
Salkinoja-Salonen 1987). Remberger er al. (1986)
reported the anoxic dechlorination of chloroguiacols
and chloroveratrols in brackish water scdiments.
Although chlorophenolic compounds seem not to be
important in the open sea, analogous reactions may
take place. In anoxic conditions halogenated organic
matter (AOX) may be dechlorinated and release
halides into sediment interstitial water (Miiller et al.
1996). In a study with anaerobic river sediments,
Song and Miller (1993) found that bromide is re-
leased from organic matter during early diagenesis,
indicating the presence of brominated compounds in
the sediments.

In oxic sediment surfaces, biotic exoenzymatic
halogenation of recently deposited organic matter
may take place (Miiller et al. 1996), which may in
part explain the presence of observed EOX in the
non-polluted surface sediments during the present
study. Oxic conditions are essential for the formation
of HyO, from partial oxidation of O, ,which may
happen by respiration or photosynthetic water oxi-
dation. HyO, is then available for the enzymatic
halogenation of the organic material (Neidelman and
Geigert 1986). Biotic halogenation activity secems to
decrease in the deeper sediments with decreasing O,
content.

6.3.5 The chemical character of EOX

Results from chemical characterisations gave new
information on molecular weight distribution, spec-
tral characteristics, and polarity distribution of EOX
material in sediments. Additionally, NMR and MS

spectra were used to characterise the organic matter
in the extracts.

Volatile organohalogens are lost during the ly-
ophilisation of the sediment material and EOX con-
sists of non-volatile compounds. The MWD of the
extracts showed distinct peaks around 1000 g mol*/,
which is close to the molecular weight of chloro-
phylls and pheophytins. The MWD maximum was
observed for both the halogen content and the col-
oured, UV-absorbing, organic material (Figs. 12 and
13, Table 7). This observation supports the hypothe-
sis of

the presence of halogen-containing chlorophylls
(e.g. Chl RC I), which would explain, to a large
extent, the EOX levels observed in the sediment
extracts. The possible role of the Chl RC I will be
discussed in the next section.

The shape of the MWD profile of UV absorbing
material from sediments rcsembles the shape of
MWD profiles of humic material from raw and
drinking water samples (Vartiainen et al. 1987,
Miettinen et al. 1994). However, the main peaks that
Vartiainen ef al. and Miettinen ef al. observed oc-
curred at 50000-100000 g mol-!, while the main
peaks in the present study were ncar 1000 g mol!.
Accordingly, the molecular weight of the extracted
material is clearly much smaller than that of the
humic materials in aqueous medium analysed with
aqueous SEC.

It is possible that chemically the polystyrenes
(see chapter 4.4.10) used for SEC calibration differ
too much from the analysed extractable material and
may not provide correct MWD values. This incom-
patibility can cause small shifts in the peak posi-
tions, but the shifts cannot be orders of magnitude.
Moreover, chlorophyll a eluted at 900 g mol*! (result
not shown), suggesting that the molecular weight of
chlorophyll pigments can be measured reliably.

The non-polluted and polluted sediments showed
similar MWDs (Fig. 13, Table 7) and molecular
weight could not be used to indicate the presence of
BKME material in sediments.

The incorporation of organohalogens to sedi-
ments has been demonstrated to occur by binding to
humic material (Bollag and Dec 1995). In sediments
with high organic carbon content this mechanism
may be important, but the MWDs of EOX and or-
ganic material from both unpolluted and polluted
sediments resemble each other to a great extent. The
MWD suggests that the organic material in unpol-
luted sediments is the chemical backbone, which
incorporates organochlorines from the BKME, and it
is for this reason that MWDs in the two cascs are so
similar.

The molecular weight distribution of the BKME
that reaches the recipients is 50-4000, with a peak at



54 Kankaanpdé

100-500 g mol! (Jokela er al. 1993). This distribu-
tion was determined using aqucous SEC, but those
of the present study with non-aqueous SEC. The
results therefore may not be directly comparable, but
would suggest that the MWDs of sediment extracts
from both polluted and non-polluted areas are differ-
ent to the MWD of BKME.

Within the polluted area, HMW chlorolignins
have been found to be the main source of organoha-
logen material (Remberger et al. 1990). The results
of the present study support to some extent the ob-
servation of Remberger et al., since no significant
increase of LMW compounds was scen in sediments
from the Kotka arca (III). However, no change in the
MWD toward HMW was observed either. The hu-
mic HMW compounds present in scdiments
(Poutanen 1985) or the large chlorinated lignin
polymers from BKME apparently are not extractable
with the neutral, organic solvents used. Conse-
quently, the contribution of the halogenated humic
structures reported by Dahlman et al. (1993, 1994)
to total EOX should be negligible. In the 0-5 cm
sediment from station GF2 the observed shift toward
lower molecular weights (Fig. 12) probably arises
from the degradation of organic material in the
deeper sediments. The sample from station GF2 was
a 0-5 cm section representing at least a 10 year in-
terval.

Organohalogens in sediment from the Gotland
deep were studied by S. Jonsson et al. (1995). Ac-
cording to their data, observed lignin-derived struc-
tures, of primarily natural origin, showed large-scale
bromination. In the samples of the present study,
bromine was more abundant in bottom sediment than
in sedimentating material, but still had only a minor
contribution to the EOX in both matrices. The proc-
css of biohalogenation in the Gulf of Finland seems
to be producing mainly chlorinated compounds.

The polarity range of the EOX material varied
from semi-polar to polar according to the RP-HPLC
analyses (Fig. 12). The TLC analyses revealed in
turn that the extracted material was very uniform
(Fig. 14) and had the spectral characteristics of chlo-
rophylls and other pigments. Similarly, Reemtsma
and Jekel (1996) found that polar constitutents arc
important fractions in sediments, and that n-hexane
was able to extract only a small amount of the or-
ganohalogens. The polarity range of the observed
fluorescent material in TLC was in accord with the
RP-HPLC (254 nm) chromatograms, but the polarity
distribution of EOX cannot be compared because
EOX was not determined from the TLC plate.

According to the NMR analyses, most of the ex-
tracted material consisted of aliphatic compounds,
possibly with C=C bonds (Fig. 15, Table 7). The
absence of resonances typical to Chl a and RC I
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(Dornemann and Senger 1986) indicated that the
porphyrins were present in low quantities compared
to other compounds. That humic substances are to
some extent contributing to the EOX mixture in the
analysed sediments cannot be totally excluded.
Virkki (1993) reported that aquatic humic substances
had a high content of oxygen-bearing aliphatic
groups, which were found abundant also in the EOX
preparations from the present study. However, in
general, the 'TH NMR spectra of aquatic humics
(Poutanen 1985, Virkki 1993) differ markedly from
the spectra of this study.

Most MALD and ES ions had molecular weights
less than 500-600 g mol-!, (Fig. 16, A) which could
be explained by the presence of carotenoids,
pheophytins or their fragments. This observation did
not in accord with the SEC results and may be duc to
the incomplete or non-existent introduction of heav-
ier molecules into the MS equipment, or because of
the molecules having charges greater than one unit.
The absence of the heavier molecules (~800-1000 g
mol!) would suggest that no chlorophylls were pres-
ent in the analysed sample. Chlorine was detected in
the HPLC fractions exposed to high cone voltage
(ES analysis), but the presence of chlorine or bro-
mine in the fragment ions (<300 g mol"!) taken to
MS/MS analysis was uncertain. These fragments
were all under 300 g mol*!.

In comparison with the MS spectra of Chl RC 1
(Dérneman and Senger 1986), no similar molecule
peaks were observed. The molecular ions in the ES
spectra (Fig. 16, B) from fractions 1 and 2 clearly
showed that the MS samples containcd mainly phy-
tol derivatives, not pheophytins or other porphyrins.
This is in contradiction with the UV/VIS and SEC-
HPLC analyses which indicated that coloured, rcla-
tively HMW algal pigment material was present.

Mass spectrometry and NMR obviously are not
sufficiently able to characterise the single molecules
present in the EOX preparations. However, Virkki
(1993) reported that the most abundant functional
groups in polydisperse material can be characterised
with NMR. For individual compound identification,
the fractionation of the samples prior to analysis
necds to be better accomplished. With this achieved,
the usc of techniques like capillary clectrophoresis /
MS could be useful. Gas chromatographic tech-
niques are not suitable for the underivated prepara-
tions with large molecules. However, MS and NMR
analyses did reveal that most unhalogenated material
was probably from degraded of chlorophylls, which
also suggests that break-down products of Chl RC 1
may have an important contribution.
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6.3.6 Role of chlorophyll RC ]

The chlorophylls and their degradation products
(pheophytins, etc.) are readily extracted from plant
material with polar solvents such as 2-propanol, and
identifiable through the greenish-yellow colour of
the extract. There was a positive dependence be-
tween colour intensity and EOX concentration in the
samples and, according to the MWD, material with
same molecular weight as chlorophylls (approx.
1000 g mol*!) is also present.

Chlorophyll RC1 is a part of photosystem I in all
acrobic photosynthetic organisms (Katoh et al.
1985). If Chl RC 1 is present in the algal material
deposited to sediments, it is also bound to be present
in the extracts because Chl RC I is also readily dis-
solved by the 2-propanol used in the EOX extraction
(Katoh et al. 1985). Dérneman and Senger (1981)
have reported Chl a : Chl RC I ratios of 1:400-1:28
in extracts of alga Scenedesmus obliquus. Since Cl
represents 3.76% by weight of Chl RC I, 100-
1300 pg Cl g'! Chl a was present in those samples.
In the alga Anabaena lemmermannii the Chl RC I :
Chl a ratio was 1:87-1:86, or 430-440 pg Cl g-! Chl
a. The amount of Chl a in algae from the Northern
Baltic Sea is generally about 2.5% by dry weight
(Heiskanen, FEI, pers. comm.). According to these
values, the algac could contain 60-900 pg Chl RC
Ig! dw, or 2-30 pug Cl g'! dw, which is of the same
order as the maximum EOX concentrations observed
in sedimenting material and algae (Table 4).

The molecular mass of Chl RC I'is 943 and that
of Chl a 894 g mol'!. The observed SEC-HPLC
chromatograms showed that most of UV-adsorbing
material and EOX elutes close to 1000 g mol-!. This
would suggest that chlorophylls, pheophytins and
pheophorbides may be the dominant molecules con-
tributing to the SEC profile. Changes produced in
chlorophyll a during attack by microorganisms in-
volves loss of Mg to form pheophytin a, and then the
loss of the phytol group to form pheophorbide a. In
sediments the latter is transformed to a variety of
porphyrin-type compounds (Stevenson 1982). The
degradation of Chl RC I in sediments has not becn
described, but degradation of Chl a first gencrates
phytol (M = 296) and pheophytin a (M=871), which
is later converted to pheophorbide a (M = 615).
Smaller degradation products are produced later. Chl
RC I probably behaves similarly and may be first
converted to pheophytin RC I (M = 919), pheophor-
bide RC I (M = 641), and chlorinated porphyrins
(M < 600).

6.3.7 Other possible explanations?

It has been suggested that the increased primary pro-
duction due to eutrophication has increased sedimen-
tation, the sequestering of pollutants in sediments
and also the observed temporal reduction of con-
taminants in biota (Gunnarsson et al. 1995, Jonsson
1992). Furthermore, according to Jonsson (1992),
increased scquestering of anthropogenic organo-
chlorines is also seen in relation to estimated loading
from pulp mills, through the vertical EOCI sediment
content. To further extend the Jonsson’s hypothesis,
it is possible to suggest that the two phenomena
(increased sequestering of BKME material and natu-
ral production) work together and explain the for-
mation of the observed sediment profiles.

In non-polluted areas, where EOX concentrations
can be explained solely by natural production, the
vertical profile is most probably caused by remin-
eralisation of the EOX material. In non-polluted ar-
cas, although the sequestering of natural material
may incrcase, the sequestering of anthropogenic
chlorine (or halogen) may not.

Explanations for the overall uniformity of EOX
levels in the open Gulf of Finland like long-range
transport of pulp-mill derived material are unlikely.
Although industrial EOX material could form a part
of the spring sedimentation of EOX, it is difficult to
imaginc that the pollutants would reach all the stud-
ied areas in the rather uniform manner that is ob-
served. Water from the eastern Baltic Proper enters
the Gulf of Finland, but the effect of the Swedish or
Russian (Kaliningrad region) pulp mills on this wa-
ter is surely very small.

Long-range transport of BKME from the Both-
nian Sea and Baltic Proper to the Gulf of Finland has
been not studied, but is unlikely. The Narva, Kopor-
skaya and Luzhskaya Bays are wide with sill-frce
connection to the open Gulf of Finland and the Neva
Estuary. In contrast, the Vyborg Bay is semi-en-
closed and thus the cntering of water-masses from
the open Gulf or the Kotka arca is substantially re-
stricted. The atmospheric deposition of EOX to the
Gulf of Finland has not been measured directly, but
it can be responsible for only a small part of the total
sedimentation of EOX.
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6.4 Monitoring and recommendations

Hazard assessment of pulp mill effluents is a diffi-
cult task and requires multidisciplinary efforts that
must integrate chemical, toxicological and biological
data at scveral organizational levels.

EOX gives basic information on the presence of
the organochlorine pollutants within the impact area,
but on the outskirts of the impact zone it is difficult
to distinguish between the natural and anthropogenic
contribution. If high concentrations of total organo-
halogens are found, the EOX may indicate that toxic
groups of organochlorines are also present, espe-
cially the chlorophenolic compounds like PCGs,
PCCs and PCPs from the pulp and paper industry.
The old emissions of the wood preservative Ky-5
and of pulp mill effluent along the Kymi River mean
that, in the studied area, the extremely toxic PCDDs,
PCDEs and PCDFs are also of concern.

Monitoring of sediments using EOX (and possi-
bly AOX) in the Kotka area is recommended be-
cause sediments may remain toxic to the biota for
several years. The monitoring could be arranged by
FIMR and FEJ, ¢.g. every five-ten years. Three-five
active sediment basins could be selected for this
purposc. According to sedimentation rates and verti-
cal EOX profiles in sediments from the Kotka area,
stations K8, K11, K12, K24 and K26 are suitable for
chronological monitoring. At all of these stations the
reduction in the EOX output from the mills is ob-
servable. It would be interesting to take further cores
also from, for instance, station K9 or K15 where the
uppermost layer contained high levels of EOX com-
pared to the deeper layers. When considering verti-
cal history, the formerly polluted areas can be dis-
tinguished by the presence of >10-13 pg Cl gl dw
(EOX), or >150-200 pg Cl g'! dw (AOX) in surface
sediments. In keeping with Hikanson et al. (1988),
concentrations of over 5 pug Cl g'! dw (EOX) in sedi-
ments deeper than 3-4 cm indicate anthropogenic
pollution. Using CL:C ratios to detect polluted
sediments is also feasible. Values higher than
1:5000-1:3000 indicate certainly pollution from
anthropogenic sources. Monitoring should be carried
out preferably in February-May, to minimize the
contribution of natural compounds and provide
better estimates of the concentration levels of the
more permanent anthropogenic fractions of EOX.

Mussels and other benthic animals from the area
should be analysed for EOX and chlorophenolics.
Monitoring of responses in biota would be relevant
even if and when the use of chlorine chemicals is
completcly stopped. Pellinen et al. (1994) consid-
ered that the natural EOX background in mussels
may be 330-360 ug Cl g”! lipid (digestive gland). As
with sediment, in mussels the natural EOX back-
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ground value should be subtracted from the total
EOX value. The effects of the pulp mill effluents on
benthic communities in the Kotka arca could be
studied also with other bioindicators, for instance M.
affinis. Even with further reductions in the use of
chlorine chemicals at the pulp mills, the effects of
the non-chlorinated chemicals need to be assessed.
Transport of organochlorine pollutants from the
Russian pulp mills in Lake Ladoga to the Gulf of
Finland should be studied jointly by Finnish and
Russian institutions.

Due to the small size of the active sediment ba-
sins in the Kotka area and the unhomogeneous char-
acter of recent sediments (Vallius ef al. 1996, 1997),
attention should be given to the quality of the sedi-
ment sampling. This can be improved with accurate
positioning of the ship sampling platform with
DGPS systems. Precise selection, location and repe-
tition of sediment coring is cssential, as is study of
the variability of pollutant concentrations within the
active sediment basins.

The chemical character of the natural organoha-
logens needs to be evaluated more accurately.
Techniques that may help provide more insight
could be capillary clectrophoresis (CE)-MS and use
of Cl-selective detectors with CE or HPLC. To bet-
ter understand how much different algal species con-
tribute to the natural EOX, more pure, algal cultures
should be analysed. Futurc analyses could also in-
clude isolating the Chl RC I molecule from algae to
estimate the contribution of the molecule to the total
EOCX.

7 Conclusions

The AOX and EOX methods applied were suitable
for the study of organohalogens in sediments.
Chemical characterisations showed that the sediment
material analysed is very uniform and that algal
pigments may be important components of the natu-
ral EOX. The presence of Chl RC I in algac is prob-
able, and this presence alone may cxplain the high
EOX concentrations in algae and in sedimenting
material. The characterisation and fractionation of
the EOX material is difficult. NMR and MS tech-
niques for the HPLC-fractionated and unfractionated
EOX solutions proved inadequate. More effective
methods should be used. Although the exact chemi-
cal structures of natural organic halogen compounds
remains to be determined, the quantity of these com-
pounds is obviously substantial.

Background organohalogen concentrations were
studied and sediments with background EOX levels
were found to be of special significance. Natural
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organchalogen production seems to be the major
source of the EOX sedimenting in the Gulf of Fin-
land. At present specific organochlorines and pulp
mill effluents are responsible for only a minor part
of the total EOX. EOX is produced predominantly
during the spring diatom bloom. As anthropogenic
input decreases, the share of natural production in
the total EOX budget will increase, and this must be
taken into account when calculating the organohalo-
gen budget of different sea areas.

Organochlorine pollution from the pulp and pa-
per industry in the Gulf of Finland area seems to be
limited to the pollution of the Kotka area, where,
still in the summer of 1994, the surface sediments
contained high EOX concentrations and even higher
concentrations in the deeper sediments. Lateral
transport of polluted sediments takes place from near
the town to the outer sea arca. Most of the or-
ganochlorine pollution in the Kotka area originates
from the pulp mill in the town and, to a lesser extent,
from the Kuusankoski mill. Pulp mill discharges and
also the carlier production of chlorophenol on the
Kymi River are responsible for most of the or-
ganochlorine pollution in sediments in the western
Kotka area. According to EOX and AOX measure-
ments, organochlorine pollution in other parts of the
Gulf of Finland is negligible and, in the case of the
non-polluted sediments, it is the background EOX
that constitutes by far the major part of the organic
halogen material in the Gulf of Finland.

The Kotka sediments may constitute a threat to
marine organisms. Sediment monitoring in the Kotka
arca is recommended and can be carried out using
the same EOX method employed in this study, to-
gether with analysis of chlorophenolics.
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Appendix 2. Vertical EOX (ug Cl g™ dw) distributions in cores from Kotka area (K1-K27), Vyborg Bay (V1-
V12), Tallinn Bay (T1-T7), hasalu Bay (J1-J8), Luzhskaya Bight (L1-L4), Koporskaya Bight (KP1-KP3) and
other open sea stations GF1-GF6 (Kankaanpad 1996). x = 1986 layer.
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