BOREAL ENVIRONMENT RESEARCH 5: 165-185 ISSN 1239-6095
Helsinki 19 June 2000 © 2000

Distribution of heavy metals in sediments of the
Gulf of Riga, Baltic Sea

Mirja Leivuori?, Kestutis JokSas?, Zinta Seisuma®, Irina Kulikova®,
Valter Petersell®, Birger Larsen®, Britta Pedersen®
and Soren Floderus?”

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

2 |nstitute of Geography, Akademijos 2, Vilnius 2600, Lithuania

3 Institute of Aquatic Ecology, University of Latvia, 3 Miera Street, Salaspils,
LV2169, Latvia

4 Geological Survey of Estonia, 80/82 Kanaka tee, Tallinn EE002, Estonia

® Geological Survey of Denmark and Greenland, Thoravej 8, DK-2400 Copen-
hagen NV, Denmark

8 Danish National Environmental Research, P.O. Box 358, DK-4000 Roskilde,
Denmark

" ENMP ApS, Bagerstraede 9, DK-1617 Copenhagen V, Denmark

Leivuori, M., JokSas, K., Seisuma, Z., Kulikova, I., Petersell, V., Larsen, B.
Pedersen, B. & Floderus, S. 2000. Distribution of heavy metals in sediments of
the Gulf of Riga, Baltic Sea. Boreal. Env. Res. 5: 165-185. ISSN 1239-6095

A large number of sediment samples (totally 138) were studied in 19911996 to clarify
the role of sediments as a sink of heavy metals in the Gulf of Riga. The samples were
analysed for total content of carbon, organic carbon, cadmium, lead, copper, zinc and
mercury. Certain additional elements such as aluminium, lithium, iron, manganese,
chromium, nickel, titanium and vanadium were also measured from some of the sam-
ples from the accumulation areas to enable combination with corresponding data from
other parts of the Baltic Sea. The non-mineralogical portion of the heavy metals of
some samples was estimated with nitric acid leaching. Heavy metal datafor mean con-
centrations are shown separated into accumulation and non-deposition areas for 1, 2
and 5 cm sampleintervals. Spatial distribution patterns are shown for thetopmost 5 cm
samples. The highest concentrations of metals are mainly found in the mud accumula-
tion areas and in some specific cases, such as cadmium, in the near-shore areas. Lead,
copper and zinc show a more widespread distribution over the whole Gulf. For copper
and cadmium the presented vertical distributions of selected profiles show decreased
accumulation trends during the past 30 years, while for other elements no similar pat-
ternisidentified. Comparisons with the Gulf of Bothniaand Gulf of Finland show that
total concentrations of lead, copper and zinc arelower in the Gulf of Rigaand cadmium
and mercury arein the same range as those in the Gulf of Bothnia and Gulf of Finland.
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Introduction

The ecosystem of the Gulf of Riga in the Baltic
Seawas studied under the Nordic Environmental
Research Programme 1993-1998. Thiswas a co-
operative multidisciplinary the Gulf of Rigaproj-
ect between Scandinavian, Latvian and Estonian
scientists, divided into several sub-projects. Their
aim was to investigate processes and fluxes in-
volving contaminants and nutrientsin the Gulf of
Riga of importance for the ecosystem, thus ena
bling the modelling of the ecological system in
the area. This research was made possible when
the former Soviet territorial waters were opened
for co-operation with the western science by the
re-establishment of the Estonian and Latvian Re-
publics. The present study presents the results of
the sub-project dealing with sediment as a sink
for heavy metalsin the Gulf of Riga. One aim of
the study was to clarify existing knowledge on
sedimentation and to identify data on heavy met-
als and pollution. Such data can be found in ar-
chivesand reportsin difficult-to-accessliterature
and publications in Russia, Estonia and Latvia.
Other targetswereto study the most recent distri-
bution of heavy metals over the whole Gulf and
comparethe heavy metal content in the sediments
with the Gulf of Bothnia and Gulf of Finland.

Organic and inorganic pollutants mostly en-
ter the sea ecosystem either through atmospheric
input, river inflow or as effluents from industrial
or municipal sewage plants, combined with solid
matter, dissolved in ionic and colloidal form or
complexed with organic matter. Heavy metalsand
organic pollutants generally accumulate in sedi-
ments associated with organic matter, clay sur-
faces, sulphides and iron-manganese hydroxides.
These compounds are mainly deposited together
with the fine-grai ned sediment components, mak-
ing knowledge of the distribution of sediment
types on the seafloor an important part of thein-
vestigation when studying the distribution of
heavy metals in the sediments. An estimation of
sedimentation rates is also important in order to
uncover the historical perspective for the accu-
mulation of these elements, as well as discover-
ing suitable sites for monitoring purposes.

Inthe countries around the Gulf of Riga, many
studies have been made concerning sedimenta-
tion, heavy metal concentrations and pollution.

Leivuorietal. * BOREAL ENV. RES. Vol. 5

In many casesthe data of these studieswere stored
inrecords or reportsinissues of literature in Rus-
sig, Estoniaor Latviawhich werenot easily avail-
able. During the present study, at least a part of
this knowledge has come to light and has given
valuable background data for this research. The
first studies of heavy metal concentrationsin the
ecosystem of the Gulf of Rigawerestartedin 1977.
In these studies, concentrations of various ele-
mentse.g. mercury, copper, zinc, lead, cadmium,
nickel, iron, manganese, chromium and cobalt
wereinvestigated in biotai.e. plankton, molluscs,
fish, crustaceans and macroalgae (Seisumaet al.
1984, 1996, Seisumaand L egzdina 1995, Kuliko-
va 1995). These studies were started partly in or-
der to make an assessment of the state of the ma-
rine environment. Studiesof heavy metal concen-
trations in the water started at the beginning of
1985, and since 1986 the I ngtitute of Aquatic Ecol-
ogy of the University of Latvia (IAE) has carried
out studies of the sediments of the Gulf (Seisuma
and Legzdina 1991, 1995, Seisuma et al. 1990,
1993, 1995, 1996, Kulikova 1995). The aim of
these studieswasto follow thelong-term changes
of the anthropogenic impact of metal contentsin
the marine environment. Other researchers e.g.
Jankovski et al. (1989) and Ott and Jankovski
(1980), also studied the levels of heavy metalsin
the ecosystem of the Gulf of Riga. The results of
many earlier studies were combined into alarge-
scale description of the ecosystem of the Gulf of
Rigabetween 1920-1990 by Ojaveer (1995). Re-
cently, Baraskovset al. (1997) also combined the
mapping of the deposition, transport and erosion
areas with that of the benthos communities. They
have also published maps of organic matter and
the distribution of loosely-bound heavy metals
(acetonic leaching) in the surface sedimentsfrom
studies carried out since 1986.

Different sampling methods were used in the
above-mentioned studies, sample pre-treatment
and analytical methods, making comparability
between the old and recent studies difficult. At-
tempts have been made by the Danish National
Environmental Research Institute (NERI) during
the present project to validate the older methods
and data from same selected |aboratories also in-
volved in the present study. Thiswas possible, as
these [aboratories till used the same methods as
in their earlier investigations. The validation of



BOREAL ENV. RES. Vol. 5

their methods (and hence older data) was carried
out by comparing the performance of these labo-
ratoriesand the methods used in aninterlaboratory
exerciseutilising sediment samples. Theinterlabo-
ratory study showed that the earlier data on lead
and zinc are presumably acceptable. The values
for copper may be too low in some cases, while
thereisarisk that low concentrations of cadmium
and mercury are too high due to contamination.
However, the data from earlier studies can be re-
garded as valid after assessing their quality.

During the Gulf of Riga project, alarge data-
base was established in Lithuania, in which 64
stations covering the whole Gulf were sampled
by the Geologica Survey of Latviain 1991 (K.
Joksas, unpubl.). Selected elements were meas-
ured from sediment sampleswithin thetopmost 5
centimetres. The heavy metal analyses were car-
ried out by the Lithuanian Institute of Geography
(IG), and the data for mercury, cadmium, lead,
copper and zinc from that study have been com-
bined with that of the present study in order to
have a data set aslarge as possible for the distri-
bution studies.

This study presents the most recent results
regarding the concentrations of selected heavy
metal's, such as mercury, cadmium, lead, copper
and zinc in the topmost sediments (0-1, 0-2, 0—
5 cm) of the Gulf of Rigaasinvestigated in 1991—
1996. Total concentrations of heavy metals are
presented, aswell asfindings concerning the sedi-
mentary environments i.e. mean, minimum and
maximum concentrations of elements in the ac-
cumulation and transport/erosion areas of the Gulf.
Heavy metals of the same sedimentsfrom the ac-
cumul ation bottom areaswere al so measured with
a nitric acid leaching technique. These data are
also considered as an indication of the non-min-
eraogical portions of the metals. From samples
taken from the accumulation areasin the present
study, additional elements such as aluminium,
lithium, iron, manganese, chromium, nickel, tita-
nium and vanadium were al so measured, but these
are only commented upon when making a com-
parison with the rest of the Baltic Sea. The hori-
zontal distributions of the metals in the Gulf of
Riga are shown for the topmost (0-5 cm) part of
the sediments, and afew examples of the vertica
distributions of heavy metals from the mud accu-
mulation bottoms are presented as examples of
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the development of accumulation. At the end of
the paper, comparisons of the Gulf of Riga with
the Gulf of Bothniaand Gulf of Finland are shortly
discussed based on the total mean concentrations
and annual accumulations of selected heavy met-
asin the surface sediments (O—1cm).

Study area

The Gulf of Rigais asemi-enclosed bay closeto
the central Baltic Sea. It is about 100 km wide
and has an area of 19 000 km? (Fig.1). The maxi-
mum and mean depths are 62 and 20 m, respec-
tively. It is connected to the Baltic Sea by two
narrow sounds, the Irbe Sound and the Muhu
Sound (Fig. 1). The sounds are so shallow (mean
depths 8-14 m) that only the surface water of the
Baltic can penetrate into the Gulf, and the water
column is normally well mixed in the sounds. In
the Gulf, the sdlinity variesbetween 4 and 7 PSU,
except in the river estuaries were the salinity is
lower (Yurkovskis et al. 1993). The water col-
umn is remarkably stable from the surface water
to the bottom, and only the thermocline separates
the upper well oxygenated water column fromthe
bottom water.

The Gulf is surrounded by Latvia and Esto-
nia, anditsdrainageareacoversabout 135 700 km?,
of which about 38% is forest, 28% arable land
and 0.65% populated area (Sweitzer et al. 1996).
Most of the surroundings are relatively sparsely
populated, having a total of 4.6 million inhabit-
ants in the two surrounding countries. The areas
of Riga in Latvia and Parnu in Estonia are the
most heavily inhabited. Industry is mostly cen-
tred in these same areasin the northern and south-
ern parts of the Gulf. The average annual fresh-
water inflow from riversisabout 31 km? (Pastors
1988) of whichtheriversGauja, Lielupeand Dau-
gava, entering in the southern part of Gulf, con-
tribute annually 25 km? (Fig. 1).

A bottom sediment map (1:200 000) covering
the whole Gulf has been established through co-
operation between the Geology Surveys of Lat-
viaand Estonia(Striebrins and Valing 1996). The
bottom of the Gulf is composed of a mosaic of
different types of sediments, with only about 30%
of its area containing bottoms with a continuous
deposition of fine materia (Fig. 2). Areas with
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Fig. 1. Sampling stations in the Gulf of Riga in 1993-1996. Samples at locations marked with circles were taken
and analysed by the Finnish Institute of Marine Research (FIMR) and the Institute of Aquatic Ecology of the
University of Latvia (IEA)/the National Environmental Research Institute (NERI); samples at locations marked
with triangles were taken and analysed by the Institute of Geography (IG); samples at locations marked with
stars were taken and analysed by the Geological Survey of Estonia (GSE). For further information see Appen-
dix. Bathymetry modified from Seifert and Kayser (1995).

continuous accumul ation, the mud accumulation
basins, aresituated in the southern part of the Gulf
and east of the island of Ruhnu (Fig.1) at water
depthsgreater than 40 m, whilewestwards of Ruh-
nu small accumulation basins and non-deposition
areas are to be found. The northern parts of the
Gulf, with water depths of less than 25 m, are
mainly slow deposition, transportation/erosion or
non-deposition areas. In these areas, the bottoms
are mainly composed of Glacial and Early Halo-
cene clays or tills. From the Baltic Proper fine
particles may enter the Gulf through the Irbe
Sound. Thismaterial mainly settlesin areas with
water depths greater than 35 m. Partly terrigenous
and other organic material that flowsin from the
riversisfirst deposited in coastal areas and then
slowly transported into the accumul ation basins.

Asthewater in the Gulf isbrackish, thefauna
consists of comparitively few macrospecies e.g.
Monoporeia affinis (550 ind. m=), Pontoporeia
femorata and Macoma balthica (650 ind. m=,
Cederwal et al. 1998). Recently some deeply bio-
turbating speciese.g. Marenzelleriaviridis (Poly-
chaeta, on average 890 ind. m2) have populated

the southern and south-eastern part of the Gulf,
while their occupation of the deepest mud accu-
mulation areasisfar less (Jermakovs 1998, Jerma-
kovs and Cederwall 1996). Based on thisand re-
cent studies of 2°Pb dating profiles, bioturbation
seems to be low to moderate in the accumulation
areas of the Gulf (Jensen and Larsen 1998).
Recent studies of the accumulation ratesin the
mud accumulation basins of the Gulf, based on
219Ph and ¥"Cs measurements, show rates between
500-2 000 g m2 a?, corresponding to 2-10 mm a*
(Larsen 1995). These rates are much higher than
the earlier estimates, based on an average deposi-
tion over 7 800 years, of 285 g m? a?, indicating
somewhat increased organic matter productionin
the Gulf in recent years. The last-mentioned rate
isequal to an accumulation of dry matter of 1.3 x
10°tat in the whole Gulf. However, an estimate
of ca. 4.5 x 10°ta, based on an average of the
recent accumulation rates determined by 2°Pb and
the area of the accumulation bottoms (data in
Larsen 1995), is more redlistic for the present-
day accumulation. The accumulation ratesvary a
lot over the accumulation bottoms, showing an
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incoherent distribution of accumulating material
(Fig. 2).

Methods
Materials

In 1993-1996, sediment samplings were per-
formed from the southern accumulation bottoms
and the northern transportation/erosion bottoms
of the Gulf of Riga(Fig. 1). Altogether 16 sitesin
the accumulation areas and surface sediments
from 58 sitesin the non-deposition areas north of
58°N were sampled. Information regarding the
location of sediment stations, sampling depths,
|aboratories performing the analyses of thisstudy

and the additional samples from the earlier study
(64 stations covering the whole Gulf) sampled by
theGeological Survey of Latviain 1991 (K. Joksas,
unpubl.) is shown in Appendix. Samples of the
present study were collected during the interna-
tional joint cruises of the Finnish research vessel
R/V Aranda, but also other research vessels such
as the R/V Marina from Estonia were used. Be-
fore sampling, the bottomswere checked by echo-
sounding e.g. on board of Aranda with an Atlas
Deso 12 kHz. A Gemini twin corer, with adiam-
eter of 8 cm, was mainly used for the sampling,
but different box corers were also used. Immedi-
ately after sampling the samples were dissected
into 1, 2 or 5 cm sub-sample slices. These sub-
samples were sealed in plastic containers or bags
and stored frozen until they were dried and later
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analysed. Sediment sampling was usually per-
formed to various deeper levels in the sediment
cores, fromthetopmost layersdown to 40 cm (Ap-
pendix), of which selected depths were taken for
heavy metal analyses. For this study, data from
various studies were collected into one data set,
with the consequence that the sediment samples
were prepared and analysed with different dice
intervals in the different institutes (Appendix).
Thus, the surface sediment concentrations are re-
ported from surfacelayersof different thicknesses.
16 core sampleswere analysed down to 20/40 cm
and from the surface an interval of 01 centime-
tresisreported. In 25 cases, the reported interval
is 0-2 centimetres and from 138 cores the inter-
val of 0-5 centimetresis reported.

Analysis

Cadmium, lead, copper, zinc and mercury were
analysed at three laboratories: the Finnish Insti-
tute of Marine Research (FIMR), the Geological
Survey of Estonia(GSE, no mercury) and the Na-
tional Environmental Research Institute (NERI).
At the NERI, the samples were analysed by the
co-author Zinta Seisumafrom IAE, as one target
of the project wasto train staff from eastern coun-
tries in the methods of western |aboratories, and
to try to solve analytical problems found in east-
ernlaboratories. Thedrying, homogenisation and
quantification methods used arelistedin Table 1.
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Total metal contents were extracted using differ-
ent acid combinations(Table 1) whilemetalswere
partly extracted with nitric acid. For mercury the
nitric acid leaching used givestotal amounts. Cad-
mium, lead, copper, zinc and mercury were de-
termined using different AASinstruments. Other
elements, i.e. aluminium, lithium, iron, manga-
nese, chromium, nickel, titanium and vanadium,
were measured at the FIMR after total extraction
(Table 1) using an ICP-AES instrument. Total
carbon (TC) wasanalysed using the coulonometric
methodinthel G and with al eco el ement analyzer
with an infrared sensor (Carman et al. 1996) at
the Geological Survey of Denmark and Green-
land (GEUS). Total organic carbon (TOC) was
measured using the same method after dissolu-
tion of carbonate with H,SO, and drying. Carbon-
ate-C is given as CaCO, from the difference be-
tween TC and TOC. Sediment samples from the
accumulation bottomswere dated by meansof the
2Ph method and accumulation rate estimates
based on ¥"Csactivity in the sediments (Kuzyurov
etal. 1994, Pheiffer-Madsen and Sgrensen 1979).

Data intercomparison and quality control

The NERI made an intercomparison of analytical
quality betweenthel AE, the GSE and the Central
laboratory of the Geological Survey of Latvia.
Validation of the data in the present study was
also carried out between the laboratories men-

Table 1. Analytical methods used for sample drying, homogenization and heavy metal analyses in the different

laboratories.

Institute Method

Reference

NERV/IAE Freeze drying and homogenization in the GEUS, HNO;leaching with

microwave oven, ET-AAS, FIMS for Hg.

Hewitt and Reynolds
1990

FIMR Freeze drying, planetary mill homogenization, aqua reqgia-HF—H;BO, Nordforsk 1975, Loring
leaching with microwave oven, for Hg with HNO; in autoclave, ET-AAS, and Rantala 1992,
ICP-AES and FIAS + AAS for Hg. Leivuori 1998

GSE Room temperature + oven drying (105 °C), ceramic grinder/agate Petersell et al. 1994
mortar homogenization, HF-HNO,-HCIO, leaching, FL- and ET-AAS.

IG Room temperature drying, mill homogenization, HF-HCIO,~HNO,-HCI Jok8as 1994, 1996

leaching, AAS, for Hg HNO,-HCIO,—H,SO, leaching and cold vapour-AAS

NERI: the National Environmental Research Institute (Denmark); IAE: the Institute of Aquatic Ecology of the
University of Latvia; GEUS: the Geological Survey of Denmark and Greenland; FIMR: the Finnish Institute of
Marine Research; GSE: the Geological Survey of Estonia (GSE); IG: the Institute of Geography (Lithuania).
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tioned above, the FIMR and the NERI. From the
intercomparison it was concluded that the quality
of the present data was appropriate. The FIMR
and the NERI have also participated since 1993
in an international quality performance QUASI-
MEME-program covering metals in sediment
(Cofino and Wells 1994). The analytical quality
of the laboratory of the Institute of Geography
(IG) was checked under the Curonian Lagoon
Project and noted as acceptable.

In each of thelaboratories, different commer-
cia certified reference materials or correspond-
ing materialswereanalysedin every samplebatch.
At the FIMR, the commercia certified reference
materials SRM 2704 (NIST, National Institute of
Standardsand Technology), MESS-1 (NRCC, Na-
tional Research Council of Canada) and BEST-1
(for Hg, NRCC) were used, while at the NERI/
IAE BCSS-1 (NRCC) and BEST-1 (for Hg,
NRCC) were determined. In Estonia (GSE) vari-
ous standards of international intercomparison
exercises, e.g. LB-A (Lillebadt), H-B (Holland),
ABSS-C (Brigmann and Niemistd 1987) and
MBSS-D (Briigmann and Niemist6 1987), were
used. The Russian standards SDO-1, 2, 3
(Berkovits and Lukashin 1984) and SDPS-2
(Anon. 1987) wereanalysed for quality control in
Lithuania (IG). A summary of the resultsis pre-
sented in Table 2. There it can be seen that the
datafor copper, zinc, cadmium, lead and mercury
were acceptable. When a total leaching method
was used, recoveries were between 80% (Cu in
GSE) and 122% (Zn and Cd in GSE), while re-
coverieswhen apartial leaching method wasused
were between 70% and 89%. Unfortunately,
standard deviationsfor the results of the GSE are
not available, asdifferent referenceswereusedin
different analysis batches. For the other reported
elements that were analysed at the FIMR, the re-
coveries were 80% (Cr)—109% (Ni) for MESS-1
and 84% (V)-143% (Li) for SRM 2704.

Results and discussion

In our study, the data from various studies were
collected into one data set, and consequently sedi-
ment sampleswere prepared, analysed and the data
handled with different diceintervalsin the differ-
ent institutes (Appendix); if the datafor thewhole
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Gulf of Rigawere considered, somesimplifications
of the data were made:

a. Theresults for heavy metals were presented
for the sampleintervals 0-1, 0—2 and 0-5 cm,
astheoriginal datawere sampled incoherently.
Thiskind of treatment is appropriate in order
to get as much data as possible for the whole
Gulf.

b. Datafor partialy-leached metals (nitric acid
digestion) from the NERI/IAE were not in-
cluded in the data set for the total concentra-
tion of heavy metals. They were only used as
a verifying non-mineralogical portion of the
heavy metals at certain stationsin the Gulf of
Riga

c. Some very closeinshore stations sampled by
the GSE (16 stations, depth <5 m, Appendix)
were not included in the statistical treatment
asthey represent “local pollutants’ caused by
regional discharges; however, they were in-
cluded in the distribution maps of the topmost
0-5 cm sediment samples.

The mean concentration datawere handled in
two groups: concentrationsin accumulation (mud)
basins and in transportation/erosion areas (sand,
till, silt and clay). Samplesweredistinguishedinto
these groups according to the description of sedi-
ment samples done on board (Appendix) and the
mean concentrations referred to on a dry weight
basis unless otherwise stated.

Carbon

The mean concentrations of TC and TOC were
similar in the two first centimetres of samplesin
the accumulation bottoms (5.5 and 4.5/4.7 by wet
weight, wt%, respectively (Table 3)). A signifi-
cantly higher CaCO, content was measured in the
0-1 cm (7.0 wt%) than in the 0-2 cm samples
(5.5 wt%). In the accumulation bottoms, mean
concentrations of TC and TOC were about 30%
higher than the values in the transport/erosion
bottomsin the upper 2 cm (Table 3). Thisisdue
to the presence of more organic-rich material in
the accumulation bottom as compared with the
sandy-clay-like composition of material in the
transport/erosion bottom, which is partly seenin
the increased CaCO, content (10.2 wt%) in the
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non-deposition bottoms. In the 0-5 cm sample
intervals, the mean TC concentration was almost
five times higher in the accumulation than in the
transport/erosion areas, the mean contents being
3.2 and 0.6 wt% with variations of 0.6-5.2 and
0.1-3.7 wt%, respectively (Table 3). Amounts of
TOC seem to be higher in the accumulation areas
and CaCQ;in the transport bottoms, but unfortu-
nately there were only two samples in the trans-
port areas available for comparison.

Nitric acid extractable and total metal con-
centrations in the uppermost layers

There were nine stations (Fig. 1 and Appendix)
fromwhich the parallel sediment coreswere ana-
lysed for heavy metal content with nitric acid at
the NERI/IAE and total extraction at the FIMR.
The results and the statistical descriptions of se-
lected elementsin the surface 0—1 cm and the top-
most 0-5 cm sediments in the accumulation ba-
sins of the Gulf with partial (nitric acid) and total
dissolution are given in Table 4. The table con-
tains the percentage fractions of the selected ele-
ments dissolvable in nitric acid, Pyyo3%, which
indicate the ratio between nitric acid extracted and
the total concentration of elements.

The comparison between nitric acid extrac-
tion and total leaching showed similar mean con-
centrations of cadmium, lead and zinc with both
techniques, whereas values for copper are one
third lower in partial leaching than in total diges-
tion. Itisto benoted that the partial and total leach-
ing were performed on samples from different
cores. Nitric acid leaching is often used to give a
rough estimate of the anthropogenic part of the
selected heavy metal concentration, athough it
also partly dissolves loosely mineral-bounded
heavy metals (Dolezal et al. 1968).

P.nos0 Varied between different stations, in-
dicating differences in the sediment quality. Re-
sults from the sample interval 0-1 and 0-5 cm
showed quite an even distribution of the partially-
leached portion of metals. For the 0-5 cm inter-
val Pyyos% Varied for zinc between 80 and 98
(mean 88, median 87), for cadmium between 69
and 101 (mean 81, median 77) and for lead be-
tween 80 and 103 (mean 92, median 93). In some
casesi.e. thereplicatesfor cadmiumvauesat Riga
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| and H, the Pyyos%0 was over 100. Thiscan partly
be due to the fact that the parallel core samples
were not good replicates, but also because of the
analytical variability. These data have been ex-
cluded from the statistical calculations. It seems
that mineral ogical part of zinc and lead was some-
what higher than in the case of copper and cad-
mium. However, the natural concentrations of
these metals based on the mineralogical compo-
sition of the sediments seem to be on averagefrom
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10% to 30%.

For total concentrations of heavy metals, the
data was available for three sample intervals in
the uppermost sedimentsin the accumulation and
transport/erosion areas. Values presented in Ta-
ble 3 are averages over al stations where meas-
urementswere made, and thus give an estimate of
heavy metal concentrationsin the Gulf. For cop-
per and lead, the total mean concentrationsin the
0-1, 0-2 and 0-5 cm samples in the accumula-

Table 3. Total concentrations of variables studied in the surface sediments (0-1, 0-2 and 0-5 cm) of the
accumulation and transportation/erosion areas in the Gulf of Riga. Heavy metal units based on dry weights,

carbon on wet weight.

TC TOC CaCO, Cu Zn Cd Pb Hg
(Wt%)  (Wit%)  (wt%)  (mgkg?) (mgkg?) (mgkg™) (mgkg?) (mgkg™)

Accumulation area 0-1 cm
Mean 5.5 4.5 7.0 31 146 0.73 39 0.103
Median 5.8 4.7 6.2 33 159 0.75 40 0.103
Standard Deviation 1.0 1.3 3.8 6 37 0.22 8 0.029
Minimum 2.3 0.9 1.8 13 44 0.21 17 0.054
Maximum 6.4 6.0 14.3 39 196 1.11 48 0.163
Number 16 14 14 16 16 16 16 16
Accumulation area 0-2 cm
Mean 5.5 4.7 5.5 27 164 0.90 41 0.077
Median 55 4.7 4.3 33 161 0.76 41 0.084
Standard Deviation 0.5 0.6 3.2 9 84 0.52 12 0.040
Minimum 45 4.0 1.4 10 57 0.47 20 0.011
Maximum 6.2 6.0 13.0 41 475 2.83 80 0.130
Number 13 11 11 21 21 21 21 21
Transport/erosion area 0—2 cm
Mean 3.9 2.7 10.2 22 89 0.56 25 0.094
Median 3.9 2.7 10.2 21 92 0.42 26 0.070
Standard Deviation 1.6 1.9 15 9 32 0.36 6 0.056
Minimum 2.2 0.8 8.7 13 47 0.30 18 0.054
Maximum 5.5 4.5 11.7 34 125 1.09 32 0.159
Number 3 3 3 4 4 4 4 3
Accumulation area 0-5 cm
Mean 3.2 4.1 4.8 24 128 1.77 36 0.219
Median 3.3 4.2 4.3 25 132 1.97 38 0.190
Standard Deviation 1.3 0.4 25 10 45 0.71 12 0.104
Minimum 0.6 3.5 1.1 5 26 0.64 9 0.073
Maximum 5.2 4.7 104 38 225 3.20 62 0.400
Number 53 13 13 53 53 53 53 53
Transport/erosion area 0-5 cm
Mean 0.6 1.7 12.4 10 47 0.72 20 0.085
Median 0.5 1.7 12.4 6 33 0.63 19 0.085
Standard Deviation 0.7 1.0 1.4 8 36 0.59 10 0.016
Minimum 0.1 1.0 11.4 1 5 0.05 0.2 0.050
Maximum 3.7 2.4 13.4 29 147 3.22 46 0.120
Number 34 2 2 69 69 54 69 34
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tion areas were amost in the same range, while
for cadmium and mercury the highest valueswere
inthe 0-5 cminterval. For zinc, the highest mean
concentrations were in the 0-2 cm samples. The
samplesin the 0-2 and 0-5 cm interval were col-
lected from different stations, which makes com-
parison between them uncertain (Appendix). The
mean concentrationsof €l ements seemto be higher
inthe samplesfrom theaccumulation bottomsthan
thosefrom the transport/erosion bottoms, with the
exception of mercury. In the sample interval 0—
2 cm, the mean value of mercury (0.094 mg kg™)
was almost 30% higher in the transport bottom
areasthanin the accumulation bottom areas (0.077
mg kg™). However, the median of the mercury
concentration in the bottom areas (0.070 mg kg
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in the transport/erosion and 0.084 mg kg in the
accumulation) showed that the high concentration
(maximum 0.159 mg kg?) found at one sitein the
transportation areas explained this. However, it
should be noted that there are only three stations
in the transport bottom areas in the 0—2 cm sam-
ples making comparisons speculative. Also the
maximum va ue of cadmium in the sampleinter-
val 0-5 cm in the transport/erosion bottoms was
equal to that in the accumulation areas, which
partly indicates that the transport bottomsinclude
areas, which can occasionally act asaccumulation
areas. The concentrations of zinc were two times
higher in the accumulation areasthan in the trans-
port/erosion bottoms, while lead was only 30%
higher in the former. The concentrations of cop-

Table 4. Concentrations and descriptive statistics for heavy metals analysed with the total and partial leaching
methods at nine stations in the accumulation bottoms. The dissolved fraction of metals in nitric acid, P,03%,
indicate the ratio between nitric acid extracted and the total concentration of elements. Units based on dry

weights. (See stations in Appendix).

Station 2 Q‘; o~ 7; T Ql; o~ 5.;
= E & ¢ 2 & ¢ E E ¢ g E ¢
=1 I o P o I a P | o
[0] ] ] ] c c c o © o) e} e} Keo)
[a)] O O O N N N O (@) (@) o o o
RIGA B 0-1 33 21 63 158 115 73 0.89 0.60 68 39 34 87
Avg 0-5 32 22 69 161 128 80 0.97 0.67 69 39 34 88
RIGA D 0-1 34 26 76 165 143 87 0.66 0.70 105 38 37 96
Avg 0-5 34 26 76 173 148 85 0.76 0.76 101 42 41 97
RIGA E 0-1 38 30 80 162 154 95 0.77 0.80 104 40 41 102
Avg 0-5 37 33 88 164 161 98 1.01 0.93 92 44 46 103
RIGA G 0-1 34 24 69 123 116 94 1.05 0.67 64 32 28 89
Avg 0-5 35 27 77 135 127 94 1.00 0.85 86 33 32 96
RIGAH  0-1 32 25 79 161 153 95 (0.66) (0.88) (132) 44 40 90
Avg 0-5 37 29 77 179 154 86 (0.76) (0.84) (111) 47 41 87
RIGA | 0-1 33 21 63 152 145 95 (0.55) (0.81) (147) 43 37 87
Avg 0-5 36 23 65 177 154 87 (0.64) (0.96) (150) 47 44 93
RIGA J 0-1 28 18 66 146 118 81 0.85 0.57 68 35 30 84
Avg 0-5 32 21 64 152 127 84 0.93 0.66 71 38 37 96
RIGA M 0-1 30 22 75 122 127 105 0.85 0.59 69 40 25 62
Avg 0-5 33 23 71 156 142 91 0.85 0.65 77 41 33 80
RIGA K 0-1 39 29 75 196 153 78 1.11 0.75 67 48 43 90
Avg 0-5 36 31 84 180 158 87 1.14 0.86 76 52 45 87
Medium 0-1 34 24 72 154 136 89 0.88 0.67 78 40 35 87
0-5 35 26 75 164 144 88 0.95 0.76 81 43 39 92
Median 0-1 33 24 75 158 143 94 0.85 0.67 67 40 37 89
0-5 35 26 76 164 148 87 0.97 0.76 77 42 41 93
S.D. 0-1 3 4 7 23 17 10 0.16 0.09 18 5 6 11
0-5 2 4 8 15 14 6 0.12 0.11 12 6 5 7

Data not included in the statistical treatment are given in parentheses; * total extraction at the FIMR; **nitric acid

extraction at the NERI/IAE.
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per (0-5 cm), mercury (0-5 cm) and cadmium
were more than two times higher in the accumu-
|ation areasthan in the transport/erosion bottoms.

Spatial distribution of metals

The spatial element distributions in the topmost
five centimetres of sediments are presented in
Fig 3. For the production of these graphs, thedata
weresubjected to ageostatistical analysis(seee.g.
| saaks and Srivastava 1989) for optimal interpo-
lation and akriged distribution. In Fig. 3 the esti-
mated parameters for sill variance, nugget effect
and range are shown for each element.

For TC, the data from Carman et al. (1996)
have a so been included in the distribution map.
In the transport areas, some carbon values were
missing. Here these values were substituted with
avalue corresponding to 10x nitrogen concentra-
tions (Carman et al. 1996). The highest amounts
of carbon (4%) seem to have been transported to
the deepest parts of the Gulf, with the exception
of some enriched samples in the close inshore
areas off Kuressaar (Fig.1).

Mercury was mainly concentrated in the mud
accumulation basinsof the Gulf (Fig. 3). Thehigh-
est values (up to 0.400 mg kg™) werefoundinthe
deepest mud accumulation bottoms. The high
concentrations found in the present study in the
southern closeinshore stations off the River Gauja
(Fig. 1) and river sedimentsseemto be partly trans-
ported further north from these areas and spread
out in the deeper parts of the open Gulf. The mer-
cury distribution pattern presented by Kulikova
(1995) hasasimilar shape, although some values
are higher than in the present study.

Thedistribution of cadmiumwasvery scattered,
showing high concentrations in both the close in-
shore and the deeper areas of the Gulf. The highest
concentrationswerefound inthetransportation area
inthevicinity of Ragaciems (3.22 mg kg™) andin
the mouth area of the Irbe Sound to the southwest
of Ruhnu (3.20 mg kg™, Fig. 1). High concentra-
tions were also found (2.74 mg kg™?) in the close
inshore area of the Irbe Sound. Current measure-
ments (Lipsand Lilover 1995, Suursaar and Astok
1996) indicated that the water flows in from the
Baltic Proper aong the southern coast of the Irbe
Sound in the bottom water layer and flows out in
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the surface layer along the northern part of the
sound. Suursaar and Astok (1996) showed that in
summer (May—October) water exchange occurs
through both the Irbe and the Muhu Sounds; with
inflows of water from the Muhu and outflows
through the Irbe Sound dominating. Intheice-free
winter period (November—April), very strong out-
flows occur only through the Muhu, and inflows
from the Irbe arelarger than outflows. During the
ice-covered winter period (November—April) there
are some outflows through the Muhu, while in-
flows and outflows are almost in balance in the
Irbe Sound. The high cadmium concentrations
foundin the Sound and themouth areacan be partly
explained by the water transportation in and out
of the Gullf.

Of the metal s considered, |ead seemsto bethe
most evenly distributed over thewhole Gulf. Con-
centrations at a depth of 40-50 m in the mud ac-
cumul ation bottom areas ranged from 30to 50 mg
kg™. The highest values were found in locations
in the outer sea areas off Riga and Ragaciems
(62 mg kg™), in the very close inshore area off
Saaremaa, Kuressaar (80 mg kg™) and alsointhe
Parnu Bay (50 mg kg™) where local pollutants
sources are situated.

Copper and zinc had quite even distributions
in the mud accumulation areas, in a depth range
of 30-60 m. The highest valuesfor copper (80 mg
kg™) and zinc (568 mg kg™) were found in the
vicinity of Parnu. High concentrations were also
foundin the seaareaoff Kuressaar. In both areas,
the sediment contains high amounts of carbonate
rock and clay mineral particles, which partly ex-
plain the elevated concentrations of copper and
zinc. Thestationsare also located in closeinshore
areas, very closetolocal discharges, in some cases
even in the vicinity of harbours.

Very few strong correl ations between the con-
centrations of the elementswerefound inthe data
set (Table5). Copper and zinc correlated strongly,
and only copper correlated with total carbon. The
inshore areaswere enriched with elements, which
is partly due to the presence of less degraded or-
ganic matter in the inshore zone. Asthe distribu-
tion of the metals showed incoherent patterns, it
rather implies that the fluffy mud temporarily
deposited in the non-deposition areas is the same
as that in the deep basins, and this is eventually
resuspended and transported into the accumula-
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G\;é Fig. 3. Kriged distributions
of selected elements in the

sill variance: 178 sill variance: 6116

nugget: 0 nugget: 1500

range: 50 km range: 70 km

topmost (0-5 cm) sedi-
ments of the Gulf of Riga.
All krigings were ordinary
and isotropic in 2 x 2
blocks, based on omni-
directionally modelled
spherical variograms. Sill
variance, nugget and
range were selected man-
ually as indicated specifi-
cally on each map. Heavy
metal units based on dry
weights, carbon on wet

tion areas. It a'so implies that the loadings of the
suspension feeders in the deep non-deposition
areas and the mud accumulation areas are nearly
the same. It is noted that resuspension is caused
by strong winds, which remove particlesfromthe

weight.

shallow seabottom and transport the resuspended
matter to other locations (Floderus et al. 1999).
The whole water current pattern in the Gulf
strongly influences the distribution of elements,
as discussed above. The distributions of the total
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concentrationsof zinc, lead and copper weresimi-
lar, but the metal-to-carbon ratio indicatesthat the
relative contents of these elements were dightly
higher in the deep non-deposition areas than in
the accumulation basins. In the non-deposition
areas adsorption of metals into iron-manganese
oxides and nodules is an additional mechanism
operating to concentrate metals.

Vertical distribution of metals

Different segmentsin the sediment core represent
different time periods, depending on the sedimen-
tationrateinthearea. Sixteen sediment coresfrom
the accumulation bottoms were dated with the
21Ph and ¥"Cs methods finding the accumul ation
ratesgiveninFig. 2 (Larsen 1995). Fromthe dated
cores atypical examples of the vertical distribu-
tion of elementsin a sediment core are shown in
Fig. 4. At the station Riga C, the concentrations
of copper and cadmium in the sediment wereclear-
ly decreasing during the past 30 years, while for
the concentrations of lead, mercury and zinc, a
decreasing trend was not identified. At the station
Riga J, however, also the concentrations of mer-
cury and lead have clearly decreased during the
same period. In some cores, the vertica profiles
of elementshad quitean even distribution through-
out the core, while in other cases only dightly
decreased patterns, or even increased trends to-
wards the surface layer were noticed for some
metals. These may indicate that the sedimenta-
tion featuresin the active accumulation areas are
heterogeneous. The fraction of the natural min-
eralogical composition also varied between the
studied sediment cores (Table 4), which caused
differencesinthevertical profilesof thetotal con-
centrations of metals. In the surface layers of the
cores, bioturbation can cause partial mixing of
fresh metal deposits with older ones; however,
there are not very many bottom animals present
in the deep mud accumulation areas (Jermakovs
1998, Jermakovs and Cederwall 1996).
Thebackground values of thevariouselements
could only be measured in the core samples of
few stations. On average, the following back-
ground values were obtained based on the dating
results of sediment samples from the accumula
tion areas deposited before 1900: mercury 0.044 mg
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kg, cadmium 0.20 mg kg?, lead 20 mg kg™,
copper 20 mg kgtand zinc 90 mg kg. Themean
ratio of concentrations in the top sediments (0—
1 cm) to the background concentrations were ca.
2 for lead, 3-6 for cadmium, ca. 1-2 for copper
and zinc and 2—-3 for mercury. These figures are,
however, only examples, becausethevertical pro-
files in the cores studied varied considerably.
However, these valuesindicate that the sediments
of the Gulf of Riga are not especialy strongly
polluted by heavy metals. This is in agreement
with what has been earlier published by Seisuma
and Legzdina (1991) and Seisuma et al. (1995),
although the assessment of the quality of the older
data through the intercomparison exercise re-
vealed some uncertainties in the earlier data of
some of the metals (e.g. cadmium and mercury).

Behaviour of additional elements

Only few data exist regarding the concentration
of other e ementssuch asaluminium, lithium, iron,
manganese, chromium, nickel, titanium and va-
nadium in the accumulation areas and even less
in the transport/erosion bottoms over the differ-
ent sampleintervals. Thosedatathat do exist show,
however, mainly similar pattern to those of mer-
cury, cadmium, lead, zinc and copper the con-
centrationsbeing highest in the accumul ation bot-

Table 5. Correlation coefficients (significant set in
boldface)for total carbon (TC) and heavy metals in the
topmost sediments (0-5 cm) in the accumulation and
transport/erosion bottoms of the Gulf of Riga. Number
of samples in brackets.

TC Cu Zn Cd Pb  Hg

Accumulation 0-5 cm

TC (53) 1.00

Cu(53) 0.89 1.00

Zn(53) 0.72 0.79 1.00

Cd (53) -0.32 -0.28 -0.03 1.00

Pb(53) 0.64 0.70 0.65 -0.06 1.00

Hg (53) -0.14 -0.13 -0.06 0.59 0.14 1.00
Transport/erosion 0-5 cm

Cu(69) 0.94 1.00

Zn(69) 0.63 0.83 1.00

Cd(54) 0.10 -0.04 0.39 1.00

Pb(69) 055 081 0.68 0.05 1.00
Hg(34) 0.19 0.34 033 025 0.62 1.00
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Fig. 4. Examples of vertical distributions of heavy metals in sediment cores from the Gulf of Riga. The arrows
contain the estimated year for that depth. Bkg points indicating the background values are based on back-
ground values of 2°Ph (Riga C). See stations in Appendix.

toms (except manganese). An example of dataon
concentration levels for selected elements from
0-1 cm samplesin the accumulation bottoms are
shownin Table 6, wherethedatafrom other areas
of the Baltic Sea are also given as a comparison.

Geochemical comparison with other Gulfs
in the Baltic Sea

The mean concentrations (Table 6) show that e.g.
lead, copper and zinc concentrations were lower
inthe Gulf of Rigawhile cadmium, mercury, chro-
mium and vanadium werein the samerangeasin
the Gulf of Bothniaand Gulf of Finland. Thetita-
nium concentration wasthe highest in the Gulf of

Riga and aluminium, nickel and iron were in the
same range in both the Gulf of Riga and Gulf of
Finland (Leivuori 1998).

Another way of comparing the Gulf of Riga
with the Gulf of Bothnia and Gulf of Finland is
by comparing the annual accumulations of heavy
metalsrelated to the size of the accumul ation area.
Estimates of the annual accumulations of selected
metalswere calculated usingthe0-1 cmdata(Ta
ble 3) and adry matter accumulation of 4.5 x 10°
tar! for the sediments of the Gulf of Riga. A com-
parison of these to the values for the other Gulfs
of the Baltic Sea is presented in Fig. 5. For the
Bothnian Sea and Bothnian Bay (Fig. 1) the cal-
culations were made using dry matter accumula-
tion rates of 4.4 x 10%ta? (Niemistt et al. 1978)
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Fig. 5. Annual accumula-
tions of dry matter (DM)
and heavy metals in
tonnes per year in the Gulf
of Riga (GR) compared to
other parts of the Baltic
Sea. Data for the Gulf of
Finland (GF) from Vallius
and Leivuori (1999), for the
Bothnian Bay (BB) and
Bothnian Sea (BS) from
Niemistd et al. (1983,
1978) and Leivuori (1998).
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Table 6. Mean, median, minimum and maximum concentrations of selected elements in surface sediments (0—
1 cm) in accumulation areas of the Gulf of Finland, Bothnian Bay, Bothnian Sea and Gulf of Riga. Units based

on dry weights.

= 2% 5 =~ = % % % %%
2 . % 2 2 =z 2 2 % % % 3
g 2 & & ¢ £ E 2 & & E &£ &
= 3 ¢ 5 5 =z £ S & 3 & g ®2
Gulf of Finland*, 20 samples
Mean 7.6 62 45 5.07 85 42 3.94 76 175 43 50 1.06 0.13
Median 7.2 60 4.8 3.58 84 42 384 77 179 44 48 110 0.11
Minimum 5.9 49 30 0.56 53 25 2.42 57 107 27 26 0.34 0.05
Maximum 9.9 77 54 200 117 60 5.19 96 243 57 80 219 0.32
Bothnian Bay, depth > 60 m*, 8 samples
Mean 5.6 33 6.2 8.96 73 48 342 73 212 52 79 094 0.27
Median 53 27 6.1 8.36 74 51  3.30 80 217 53 72 093 0.25
Minimum 47 13 3.2 1.87 56 27 3.00 40 50 18 19 0.23 0.06
Maximum 6.6 60 88 18.0 81 58 4.22 93 320 80 121 198 0.48
Bothnian Sea, depth > 60 m*, 13 samples
Mean 6.2 59 6.0 3.55 80 53 3.88 89 190 36 42 0.37 0.09
Median 5.7 48 58 2.89 91 51 381 93 200 40 42 0.32 0.09
Minimum 4.4 26 29 203 48 32 2.33 49 90 19 17 0.14 0.01
Maximum 8.7 147 84 6.48 97 81 539 114 240 45 60 0.78 0.15
Gulf of Riga, 16 samples
Mean 6.8 70 41 4.52 82 41 424 79 146 31 39 0.73 0.10
Median 7.1 73 45 2.20 84 42 4.29 81 159 33 40 0.75 0.10
Minimum 33 24 13 0.60 31 14 227 22 44 13 17 021 0.05
Maximum 8.4 83 55 149 105 57 574 113 196 39 48 111 0.16

* Leivuori 1998
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and 4.5 x 10%tar? (Niemisto et al. 1983), respec-
tively. For mean heavy metal concentrations, only
surface sediment (0—1 cm) data in accumulation
areas deeper than 60 m in the Gulf of Bothnia, as
presented by L eivuori (1998), wereused. Accord-
ing to these latest calculations, annual accumula
tions were somewhat higher for the whole Gulf
of Bothniathan estimated earlier by Leivuori and
Niemisto (1993, 1995), especidly for lead and
copper (2and 1.5timeshigher, respectively). This
difference can partly be explained by the mean
values used for the whole bottom area and the
accumulation areas of the Gulf of Bothniae.g. in
Leivuori and Niemistd (1993). However, for a
better comparison among the mud accumulation
areas in the various parts of the Baltic Sea, new
calculationsareappropriate. It can clearly be seen
from Fig. 5 that the highest annual accumulations
of heavy metals were found in the Gulf of Fin-
land, whereas accumulations in the Gulf of Riga
were in many cases in the same range asthosein
the Bothnian Sea. The estimated annual accumula:
tions of elementsindicated |ow accumulations of
these in the sediments of the Gulf of Riga.

Conclusion

The present study shows that the distribution and
concentrations of heavy metals in the sediments
of the Gulf of Riga are heterogenous. Various
physical-geochemical featuresinfluencethe hori-
zontal and vertical distribution of elementsin the
area. The concentration levels of metals and the
annual accumulationsin the surface sediments of
the off-shore areas in the Gulf of Riga are gener-
ally low and comparableto thosefound inthe rest
of the Baltic Sea in similar settings. However,
more studies are needed for clarifying the role of
the Gulf of Rigain the transport of trace elements
to the rest of the Baltic Sea or the importance of
the Baltic Sea as a source of heavy metalsfor in-
flow to the Gulf. Thisincludesthe levels of met-
alsin the water phase, the role of annual in- and
outflows, as well as the role of iron-manganese
nodules in adsorbing metals from the biochemi-
cal cycle.
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Appendix. List and descriptions of sampling stations in the Gulf of Riga 1991-1996.

Station ~ Sampling Samplingand Sampling Latitude Longitude  Bottom Type
year analyses depths (cm) depth (m)
RIGA A 1994 FIMR 0-26 57°42.83° 22°42.94 39 Sandy mud
RIGA B 1994 FIMR 0-20 57°49.01" 22°57.52 38 Clayey mud
NERI/IAE 0-25
RIGA Bl 1993 FIMR 0-29 57°31.20° 23°13.20° 45 Silty mud
RIGA B2 1993 FIMR 0-5 57°50.58" 23°23.53° 44 Silty sandy mud
RIGAB3 1993 FIMR 0-30 57°40.45" 23°36.00 54 Mud
RIGAC 1994 FIMR 0-20 57°37.99° 23°02.51° 46 Clayey mud
RIGA D 1994 FIMR 0-20 57°18.66° 23°31.00° 44 Clayey mud
NERI/IAE 0-30
RIGA E 1994 FIMR 0-20 57°06.99" 23°33.97 37 Mud
NERI/IAE 0-35
RIGA F 1994 FIMR 0-17 57°06.47° 23°57.07 26 Sandy silt
RIGA G 1994 FIMR 0-21 57°11.47° 24°05.02 34 Sandy mud
NERI/IAE 0-35
RIGA H 1994 FIMR 0-21 57°18.98" 23°54.47 48 Mud
NERI/IAE 0-50
RIGA | 1994 FIMR 0-20 57°30.01° 24°05.96" 45 Mud
NERI/IAE 0-40
RIGA J 1994 FIMR 0-20 57°45.98" 24°00.01 39 Mud
NERI/IAE 0-40
RIGA K 1994 FIMR 0-20 57°27.01" 23°44.00 45 Mud
NERI/IAE 0-40
RIGA M 1994 FIMR 0-20 57°55.96" 23°17.47 44 Mud
NERI/IAE 0-35
RIGA O 1994 FIMR 0-20 57°37.00° 23°40.00 50 Mud
RIGAL 1994 IAE 0-35 57°48.51° 23°30.00 52 Mud
105 1991 IG 0-5 57°01.14" 23°39.66" 27 Silty mud
106 1991 IG 0-5 57°06.84" 23°43.80° 36 Clayey mud
107 1991 IG 0-5 57°02.66° 23°51.39" 21 Clayey silt
108 1991 IG 0-5 57°03.42" 23°54.15° 21 Clayey silt
109 1991 IG 0-5 57°06.84" 23°52.77 34 Clayey/pelitic mud
110 1991 IG 0-5 57°05.70" 23°58.98" 20 Fine sand
111 1991 IG 0-5 57°08.74" 24°01.72 30 Clayey mud
112 1991 IG 0-5 57°09.12° 23°56.22" 36 Clayey/pelitic mud
113 1991 IG 0-5 57°13.68° 24°04.83 36 Clayey/pelitic mud
114 1991 IG 0-5 57°10.26° 24°09.66" 22 Clayey silt
115 1991 IG 0-5 57°12.92° 24°14.49 20 Clayey silt

Continued
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Appendix. Continued.

Station ~ Sampling Samplingand Sampling Latitude Longitude Bottom Type

year analyses depths (cm) depth (m)
116 1991 (€] 0-5 57°16.72° 24°17.25% 19 Clayey silt
117 1991 1G 0-5 57°22.28" 24°14.39° 25 Silt
118 1991 IG 0-5 57°31.40° 24°10.35 34 Mud
119 1991 IG 0-5 57°25.70"  23°59.67" 43 Mud
120 1991 (€] 0-5 57°45.32° 23°58.98" 43 Clayey/pelitic mud
121 1991 IG 0-5 57°40.40° 23°30.07° 38 Clayey/pelitic mud
122 1991 IG 0-5 57°35.20° 23°34.83 49 Clayey/pelitic mud
123 1991 IG 0-5 57°35.20° 23°36.90° 50 Clayey/pelitic mud
124 1991 IG 0-5 57°09.50"° 24°11.73 22 Clayey silt
125 1991 1G 0-5 57°38.62° 23°10.35° 41 Clayey/pelitic mud
126 1991 IG 0-5 57°29.50" 23°30.40 41 Clayey/pelitic mud
127 1991 IG 0-5 57°44.94" 22°16.26° 29 Sandy silt
128 1991 IG 0-5 57°44.44"  22°43.80° 30 Clayey/pelitic mud
129 1991 1G 0-5 57°33.68" 22°53.46° 27 Clayey/pelitic mud
130 1991 IG 0-5 57°27.22° 22°58.58" 20 Fine sand
131 1991 IG 0-5 57°20.76"° 23°19.32° 34 Fine sand
132 1991 (€] 0-5 57°19.00° 23°28.29° 40 Clayey mud
133 1991 (€] 0-5 57°15.96° 23°42.42° 41 Clayey mud
134 1991 IG 0-5 57°15.96" 24°08.27" 37 Silty mud-clayey
135 1991 IG 0-5 57°22.66° 24°12.42" 32 Silty mud-clayey
136 1991 IG 0-5 57°21.52° 23°16.56" 34 Fine sand
137 1991 (€] 0-5 57°23.80° 23°43.80° 42 Clayey mud
138 1991 IG 0-5 57°18.24"  23°26.22" 40 Silty mud
139 1991 IG 0-5 57°08.74"  23°30.70° 35 Silty mud-clayey
140 1991 IG 0-5 57°03.04" 23°37.59° 31 Clayey mud
141 1991 IG 0-5 57°05.70° 23°53.46" 27 Coarse silt
142 1991 IG 0-5 57°04.94" 23°54.15 25 Silty mud
143 1991 IG 0-5 57°09.50" 24°10.00 21 Coarse silt
144 1991 IG 0-5 57°02.28" 23°54.84" 19 Coarse silt
145 1991 IG 0-5 57°01.14" 23°50.70° 16 Coarse silt
146 1991 IG 0-5 57°01.14" 23°45.87" 21 Coarse silt
147 1991 IG 0-5 57°00.00" 23°38.62° 21 Coarse silt
148 1991 IG 0-5 57°04.18" 23°43.11° 30 Clayey/pelitic mud
149 1991 IG 0-5 57°06.84" 23°45.87° 35 Clayey/pelitic mud
150 1991 IG 0-5 57°05.32" 23°48.63’ 31 Clayey/pelitic mud
151 1991 IG 0-5 57°04.94"  23°50.70° 28 Silty mud
152 1991 IG 0-5 57°07.22° 23°57.60° 26 Silty mud
153 1991 IG 0-5 57°09.50" 24°06.90° 24 Silt
154 1991 IG 0-5 57°10.26° 24°07.93° 25 Silt
155 1991 IG 0-5 57°28.74"  23°52.04 43 Mud
156 1991 IG 0-5 57°43.42° 24°10.3% 21 Silty sand
157 1991 IG 0-5 57°40.76° 24°09.66" 25 Fine sand
158 1991 IG 0-5 57°49.88" 23°58.98° 27 Clayey/pelitic mud
159 1991 IG 0-5 57°55.58" 24°03.45 20 Sandy silt
160 1991 IG 0-5 57°42.28" 23°54.15° 40 Clayey/pelitic mud
161 1991 IG 0-5 57°59.38" 23°12.42° 39 Clayey/pelitic mud
162 1991 IG 0-5 57°56.72° 22°58.29 31 Clayey/pelitic mud
163 1991 IG 0-5 57°57.86° 22°37.70 28 Clayey/pelitic mud
164 1991 IG 0-5 57°49.12° 22°30.07" 27 Clayey silt
165 1991 IG 0-5 57°45.70° 22°29.03" 16 Clayey silt
166 1991 IG 0-5 57°43.04" 22°41.04 42 Clayey/pelitic mud
167 1991 IG 0-5 57°37.48"  22°40.3% 21 Fine sand

Continued



184

Appendix. Continued.
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Station ~ Sampling Sampling and Latitude Longitude  Bottom Type
year analyses depth (m)
168 1991 IG 0-5 57°31.78"  22°47.25 21 Fine sand
169 1991 IG 0-5 57°28.74" 22°51.39° 20 Fine sand
170 1991 IG 0-5 57°31.78"  22°52.77 37 Clayey/pelitic mud
171 1991 IG 0-5 57°31.78" 23°08.28" 41 Clayey/pelitic mud
172 1991 IG 0-5 57°21.52" 23°11.04° 22 Silty sand
173 1991 IG 0-5 57°16.34" 23°12.42° 12 Fine sand
174 1991 IG 0-5 57°07.98"  23°22.77° 31 Fine sand
175 1991 IG 0-5 57°07.98" 23°33.45° 37 Fine sand
176 1991 IG 0-5 57°03.42" 23°34.83 31 Silty mud
SMAA1 1996 IG 0-20 58°05.00° 23°10.19" 31 -
R03-05 1993 GSE 0-5 58°31.32" 23°29.24" 17 Sandy silt
R03-07 1993 GSE 0-5 58°36.51° 23°24.60" 19 Sandy silt
R05-02 1993 GSE 0-5 58°03.40° 23°16.25° 42 Mud
R05-03 1993 GSE 0-5 58°06.39" 23°15.28" 37 Clayey silt
R05-04 1993 GSE 0-5 58°10.00° 23°14.25 33 Silt
RO5-05 1993 GSE 0-5 58°06.56" 23°07.06" 33 Silt
R05-06 1993 GSE 0-5 58°05.48" 23°04.06" 36 Silt
R05-07 1993 GSE 0-5 58°02.51° 23°08.23" 34 Silt
R05-08 1993 GSE 0-5 58°00.51° 23°11.16" 41 Silty mud
RO5-10 1993 GSE 0-5 58°04.21° 23°19.15° 41 Mud
RO5-13 1993 GSE 0-5 58°09.57" 23°33.18" 33 Silty mud
R05-14 1993 GSE 0-5 58°13.28" 23°41.57° 30 Silty sand
R06-01 1993 GSE 0-5 58°17.33" 23°05.35 21 Fine sand
R06-02 1993 GSE 0-5 58°09.34" 23°02.10° 27 Silty mud
R06-03 1993 GSE 0-5 58°04.47°  22°59.49" 32 Silty mud
R06-04 1993 GSE 0-5 57°569.06° 22°57.51 34 Fine sand
R06-05 1993 GSE 0-5 57°59.04" 23°07.15 40 Silty mud
RO7-04 1993 GSE 0-5 57°59.00° 23°37.36" 39 Silty mud
RO7-05 1993 GSE 0-5 57°58.45"  23°36.10" 39 Silt
RO7-07 1993 GSE 0-5 58°06.52" 23°24.27° 33 Silty sand
R08-04 1993 GSE 0-5 58°01.12" 24°11.20° 24 Fine sand
R08-07 1993 GSE 0-5 58°16.56" 24°20.57° 8 Sand
R08-08 1993 GSE 0-5 58°19.40" 24°23.13 7 Sand
R08-17 1993 GSE 0-5 58°04.60" 24°18.54° 15 Sand
R08-20 1993 GSE 0-5 57°59.05"  24°02.52" 26 Fine sand
R09-01 1993 GSE 0-5 57°59.07 23°38.08" 40 Silt
R10-06 1993 GSE 0-5 58°04.22" 23°29.45° 36 Silty sand
R10-07 1993 GSE 0-5 58°01.57" 23°23.44° 43 Mud
R11-01 1993 GSE 0-5 58°00.14" 22°59.00 35 Silt
R11-02 1993 GSE 0-5 58°05.19" 23°12.17° 38 Silt
R11-03 1993 GSE 0-5 58°09.18" 23°21.26° 33 Silt
R12-02 1993 GSE 0-5 58°00.31" 22°46.25° 32 Fine sand, clay
R15-15 1993 GSE 0-5 58°04.07"° 22°48.18" 28 Clay
R19-01 1993 GSE 0-5 57°59.41" 22°31.29° 27 Clay
P-94-1-1 1994 GSE 0-5 58°23.12"  24°29.05° 3 Mud
P-94-1-3 1994 GSE 0-5 58°23.12"  24°29.05 3 Mud
P-94-1-5 1994 GSE 0-5 58°23.12"  24°29.05 3 Mud
P-94-2-1 1994 GSE 0-5 58°23.09" 24°29.09 4 Mud
P-P4-2-3 1994 GSE 0-5 58°23.09° 24°29.09 4 Mud
UN-88-20-1 1994 GSE 0-5 58°27.54" 23°16.36 2 Silty mud
P-48-1 1994 GSE 0-5 58°21.60" 24°27.42° 4 Mud
KA-90-9-1 1994 GSE 0-5 58°31.18" 23°40.48" 1 Silty mud
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Appendix. Continued.

Station  Sampling Samplingand Sampling Latitude Longitude Bottom Type
year analyses depths (cm) depth (m)

KA-90-59-1 1994 GSE 0-5 58°31.33"  23°41.09° 1 Silty mud
K-89-11 1994 GSE 0-5 58°14.18" 22°27.33 2 Silty mud
K-89-12 1994 GSE 0-5 58°13.39" 22°27.18 2 Mud

SM 1994 GSE 0-5 58°31.15" 23°14.48’ 1 Silty mud
M-94-32-1 1994 GSE 0-5 57°59.00° 22°12.18’ 5 Silty mud
M-94-32-2 1994 GSE 0-5 57°59.00° 22°12.18’ 5 Silty mud
M-94-32-5 1994 GSE 0-5 57°59.00" 22°12.18 5 Mud
M-95-32-7 1994 GSE 0-5 57°59.00" 22°12.18’ 7 Silty mud
IB-1 1996 GSE 0-2,4-6.5 57°50.01" 22°30.00° 29 Mud

IB-2 1996 GSE 0-1.5, 2-10 57°50.02" 22°45.02° 28 Mud, clay
R-1-1 1996 GSE 0-2 57°35.04" 23°28.98" 33 Mud, clay
R-4-1 1996 GSE 0-2, 7-10 57°58.23"  23°00.51 31 Mud, clay
Sm-1-1 1996 GSE 0-2,12,14,24-26 58°04.98" 23°10.20° 31 Mud, clay
Sm-2-1 1996 GSE 0-2, 2-7 58°11.49" 23°07.52° 24 Clay, mud
Sm-3-1 1996 GSE 0-2,2-5 58°17.01" 23°04.94° 17 Mud, clay
Sm-5-1 1996 GSE 0-2, 10-12 58°12.01" 23°23.98’ 28 Mud, clay

FIMR: the Finnish Institute of Marine Research, IAE: the Institute of Aquatic Ecology of the University of Latvia,
NERI: the National Environmental Research Institute (Denmark), IG: the Institute of Geography (Lithuania),
GSE: the Geological Survey of Estonia (GSE).
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