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Abstract

The major theme of this paper is the trend towards stagnation of the deep
water basins of the Baltic proper.

Samples of Baltic water were taken from established stations periodically
from the beginning of the century and these measurements constitute the
data for this study.

Certain peculiarities of the Baltic’'s topography are shown to produce two
water layers which are separated by a permanent halocline which impedes
the mixing of the water layers.

Data from measurements at various Baltic stations illustrate a salinity
increase in the Baltic in the present century. This salinity increase is con-
sidered to be the most significant factor contributing to the oxygen deficit of
the Baltic’s deep water. It is shown that the salinity increase raises the
halocline’s stability. The existence of a halocline implies that very little
oxygen from the aerated surface water can penetrate through the halocline
to the deep water. Oxygen in the deep water is exhausted through oxidation
processes. Increased salinity is shown to make the halocline even less perme-
able to the mixing down of oxygen from the surface.

An analysis of phosphorus data in Baltic sea water for the present century
shows a phosphate increase in the deep and surface waters. This increase
is shown to have increased primary production and through this to have
increased oxygen consumption in the deep water because greater amounts
of decaying matter sink down into the deep water.

It is shown that once a body of water becomes stagnant the condition
tends to perpetuate itself and worsen. This is because inflowing water of a
lower density than the stagnant water passes over the stagnant water and
because when new water does penetrate, its oxygen quickly reacts with the
H2S present in the stagnant water and is consumed.

The reasons for the increace in salinity and phosphorus (the causes of the
stagnation development) are discussed. The salinity increase is influenced by
meteorological factors and the reasons why it occurred are: the decreased
runoff to the Baltic from the rivers which discharge into it, the decreased
water exchange through the Danish sounds and the increased intensity of the



bottom current in the Belts and Kattegat. The reasons for the increase in
phosphorus are that the increased H2S in the Baltic creates reducing condi-
tions which cause phosphorus to be released from the bottom sediments and
from inorganic particulate matter and that there is a great amount of phos-
phorus in the sewage water which is emptied into the Baltic.

The implication of the findings is that if there is a continuation of the
trends toward increased salinity and phosphorus concentration in the Baltic,
the sea’s deep water shall soon become devoid of organic life.



I. Introduction

Summary of earlier chemical work in the Baltic

(A map of the Baltic with all stations mentioned in the present paper is
shown in fig. 1).

Systematic chemical investigations were started in the Baltic area in the
beginning of the 20th century. For the most part separate analyses of only
a few elements, mainly dissolved oxygen, carbon dioxide and nitrogen, had
been done earlier. O. Pettersson (1898) carried out such work in Sweden.
According to Simonov (1965) there were also some independently performed
complete chemical analyses of sea water samples from the Baltic proper and
the Gulf of Finland.

The International Council for the Exploration of the Sea (ICES) was
formed during an oceanographic conference in 1902 in Copenhagen (Ekman
et al. 1907). The participants were mainly from the countries in northern
Europe and for this reason the conference dealt extensively with the Baltic.
A network of international stations and sections were established there.
Regular hydrographic and chemical measurements were planned to be
carried out and the Baltic was divided into investigation areas. Sweden was
charged with the responsibility for the area west of Gotland and the impor-
tant Landsort Deep. Probably because of a lack of ships and funds, this
work was done only sporadically.

Except for the periods of the two World Wars there exists a nearly
complete series of observations for the Finnish area. These observations had
already begun in the beginning of the century in the Gulf of Bothnia, the
Gulf of Finland and the northern Baltic proper. The work was soon extended
to the central Baltic proper. Ordinarily the expeditions took place yearly
with the research ship “Nautilus” and in 1939 with the “Aranda . hirst
there were only chlorinity and oxygen analyses. In 1908 other chemical
observations, mainly pH and alkalinity, were started. In 1928 the analysis of
nutrient salts began. The Finnish observations were carried out on 81
standard stations including the Gotland Deep. The results are published in
“Havsforskningsinstitutets Skrifter” in Helsinki.

There have been many Russian investigations of the Baltic but unfor-
tunately the results are rather inaccessible. The “Kompass” worked in the
Gulf of Finland, the central Baltic and the Gulf of Riga in 1908. A great deal
of dissolved oxygen data was collected (Lebedintsev 1910). Deryugin (1923,



1947) initiated many hydrochemical analyses in the eastern part of the Gulf
of Finland and the Neva estuary in the years between 1920 and 1937.

During 1931 to 1938 the research ship “Sexstant” from Estonia did oxygen
analyses in the Gulf of Finland, the Gulf of Riga and the northern Baltic
proper.

All of the above analyses were usually carried out during the summer
period.

In the Danish sounds in 1923 fairly regular oxygen analyses and pH
measurements began. Measurements were taken even in the winter months.
Nutrient salts began to be analyzed during the 1930’s. The Danish ships
“Dana” and “Biologen” and the Swedish “Skagerak” worked in this area.

German oceanographers began in 1926 to collect extensive chemical mate-
rial. Oxygen and pH were measured and after 1930 nutrient salts were also
included in the program. These expeditions with the “Poseidon” did not
occur yearly but they included different seasons (Schulz 1956).

The “Hidrografs” from Latvia during 1934—1938 conducted extensive
hydrochemical analyses in the Gulf of Riga and the central Baltic. This work
often covered the autumn-winter period and usually complete chemical
analyses were done (Miezis and OzoLiiys 1940).

Before World War 1l regular hydrochemical work covering all seasons
was not in effect in the Baltic. The results that were obtained from the few
early investigations that did occur, were extensively used by Finnish, Russian
and German scientists and became the bases for later work in the Baltic. The
material for these early studies was usually collected on large cruises such as
the “Kompass” expedition in 1908, the “Poseidon”, “Nautilus” and “Skage-
rak” expeditions in 1922 and the “Aranda” and “Triton” expeditions in 1939.
(The German “Triton” expedition is noteworthy because its program in-
cluded analyses of phosphate, silicate and nitrate and because it covered
almost the entire Baltic proper). All of these results have been published in
the “Bulletin Hydrographique” of the ICES.

The situation today is that chemical conditions in the northern and
southern parts of the Baltic have been somewhat well described due to the
work of Finnish and German oceanographers. In contrast conditions in the
central and especially in the western Baltic have not been well known.

The oxygen conditions of the Baltic have been extensively investigated.
The first oxygen analyses were carried out by O. Pettersson during the
1890’s. He used his own volumetric method (Pettersson 1898). Although
most of these results have never been published the original notes are still
available at the Bornd laboratory of our institute. The results show con-
siderably great variations when double analyses have been made, but are
correct within an order of magnitude. The method was laborious and slow.
Only few analyses could be carried out at every station. The Winkler
method (Winkler 1888) which was introduced around 1903 is a technique
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which oceanographers use even today. Small improvements and changes have
been introduced but the primary analyses may still be regarded as valid.
Works concerning the oxygen distribution which are relevant are papers by
Lebedintsev (1910), Schulz (1923), Deryugin (1923, 1947), Buch (1931,
1954), Buch and Gripenberg (1938), Wattenberg (1940) and a mono-
graphy by Schulz (1932).

Several works concerning the carbon dioxide distribution have been
published. Some of the papers cited above include discussions of carbon
dioxide problems and several other works can be indicated such as Buch
(1917, 1933, 1945), Gripenberg (1937, 1960), Schulz (1922), Wittig (1940),
Chernovskya (1962) etc. Special attention must be given to Buch’s work of
1945 which deals with extensive material from the northern and central
parts of the Baltic proper and from the Gulf of Bothnia and the Gulf of
Finland during 1927 to 1938. It forms a basis for the understanding of the
whole carbon dioxide system and explains the relation between different
hydrographic and biological factors.

All these works have contributed to the understanding of the gas state
in the Baltic. They clarify for instance the development of the stagnation
phenomena which is caused by conditions in the bottom topography and the
limited water exchange through the sounds.

It was mentioned earlier that regular collection of nutrient salt data began
during the 1930's. Mainly phosphate data were obtained but some silicate
and nitrate analyses were made also. Results from the years before World
War Il have been published by Banse (1947), Buch (1932, 1934), Kalle
(1932, 1943), Meyer and Kalle (1950), Wattenberg (1940), Wattenberg
and Meyer (1936) and Gessner (1933, 1940). Most of the papers deal only
with phosphate. In spite of the fact that nutrients were the least investigated
components in the Baltic these scientists could establish the basic facts in
the distribution of nutrients and connect this to the hydrographic conditions.

The lack of regular observations during all the seasons was a serious
shortcoming of data which were obtained before World War Il. This was
especially true of nutrient salts data. There were few existing complete series
and they were of only regional importance.

After World War Il the hydrochemical observations were again started.
They resumed at the end of the 1940’s and the beginning of the 1950’s. In
1951 the Soviet Union instituted regular measurements. The hydrographic
institute in Leningrad carried out expeditions to the permanent international
stations in the Gulf of Finland and in the northern and central parts of the
Baltic proper. At first only oxygen, salinity and temperature were measured.
Soon pH and alkalinity were included. From 1957 nutrients have been
assayed too. Sometimes the expeditions were extended to the southern Baltic.
In 1957 the hydrographical institute in Riga began hydrochemical work in
the Gulf of Riga and the central Raltic proper. Several other Soviet institutes
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work in the Baltic. The data are available through the international data
centers. The work during the IGY 1957—1958 and the International Geo-
physical Cooperation 1959 has been very extensive.

Regular hydrochemical investigations began again in 1954 at the Finnish
Institute of Marine Research in Helsinki with the new “Aranda”. The mate-
rial is collected annually during the summer period in the Gulf of Bothnia, the
Gulf of Finland and the northern and central Baltic proper. Occasionally
winter expeditions have been carried out in the Gulf of Bothnia aboard ice-
breakers (Palosuo 1964 a).

Poland conducts hydrochemical work in the Bay of Gdansk and the
southern Baltic proper during all seasons. The German oceanographic
institutes in Kiel and Warnemiinde also perform quite extensive hydro-
chemical programs but these are not as regular as the Soviet and Finnish
programs. Several expeditions covering great parts of the Baltic have, how-
ever, been reported.

In the Danish sounds and the western parts of the Baltic proper fairly
regular observations of oxygen and sometimes of the phosphate content have
been done by Danish and Swedish ships. This work began in 1948.

The Swedish “Eystrasalt” worked during World War 1l in the Gulf of
Bothnia. After the war it continued there and also occasionally in the Lands-
ort area. The “Orion” from the Hydrographic office of the Swedish Navy
worked after the war in the western and central parts of the Baltic proper
including the Gotland Deep. All these observations have not been published
but have been made available to the author.

From 1957 the “Skagerak” from the Fishery Board of Sweden began
regular hydrographic studies in the Baltic including the main international
stations. Occasionally the expeditions have been extended to the Gulf of
Bothnia. From 1959 four expeditions have been carried out annually cover-
ing all four seasons. The work has included oxygen, pH, alkalinity and phos-
phate measurements. The results have been published in ICES data lists and
from 1967 in “Meddelanden fran Havsfiskelaboratoriet”.

ICES has had a “Baltic Committee” for cooperation in the Baltic area until
1966. Unfortunately not all Baltic countries are members of ICES. Therefore
a working group called the “Baltic Oceanographers” has been established
outside the ICES but it communicates with the ICES through the “Sub-
committee for Cooperation in the Baltic” in the Hydrography Committee.
The “Baltic Oceanographers” met for the first time in Helsinki in 1957
and an international working program and certain standard sections and
stations were agreed upon. The “Baltic Oceanographers” have since then
met in Kiel 1960, Goteborg 1962, Warnemiinde 1964, Leningrad 1966 and
Sopot 1968. A cooperative program with 11 participating ships was con-
ducted in the Baltic proper in August 1964. A new cooperative program called
the “Baltic Year” has been planned for 1969 with all Baltic countries parti-



11

cipating. The work will be concentrated on the chemical parameters. Another
program in 1970 will probably mainly deal with water level and current
measurements in the Gulf of Bothnia.

During the last years four intercalibration tests of chemical methods used
in the Baltic area have been carried out. In 1965 the “Aranda” from Helsinki,
the “Hermann Wattenberg” from Kiel and the “Skagerak” from Goéteborg
met at Copenhagen (Fonselius 1965), (Grasshoff 1965), (Koroleff 1965 a,
b, ¢). The “Okeanograf” from Leningrad, the “Professor Otto Krimmel” from
Warnemiinde, the “Alkor” from Kiel and the “Skagerak” met at Leningrad
in June 1966 (Fonselius 1966a), (Grasshoff 1966a), (Nehring 1966). In
September 1966 HMS “Hydra”, the “Johan Hjort” from Bergen, the “Alkor”,
the “Aranda” and the “Skagerak” met again at Copenhagen (Fonselius
1966b), (Grasshoff 1966b), (Koroleff 1966), (Butler 1967), (Cox 1966),
(Jones et al. 1966), (Palmork 1966). In 1968 an intercalibration was
carried out at Gdynia with the “Alkor”, the “Aranda” and the “Professor
Otto Krimmel”. Danish and Polish shore laboratories have participated in
the intercalibration tests. It was found that the analysis results tend to be
in general agreement to a surprising extent and that the results of analyses
from different laboratories in the area are generally comparable.



II. On the chemical conditions in the Baltic

The Baltic is directly connected to the world ocean through the Belts and
the Oresund. Therefore its water is brackish which means the water is a
mixture of ocean, river and rain water. Because of its connection with the
ocean the Baltic has to be considered as a sea and not a great salt lake.
Characteristic for the Baltic is that the water mass is divided into two
layers, a surface layer with a very low salinity and below that a deep water
body with considerably higher salinity. This is caused partly by the great
fresh water supply from runoff and precipitation and partly by the inflow
of salt water from the Kattegat.

The water balance of the Baltic is positive, i.e. the sum of the annual fresh
water supply is greater than the annual evaporation. The evaporation
happens to be almost exactly as great as the precipitation during the year
(Brogmus 1952). Therefore the surface of the Baltic normally lies higher
than the surface of the ocean outside in the North Sea. The excess of fresh
water mixed with salt water streams out to the Kattegat. The salinity of the
Baltic remains relatively constant. If there was no transport of salt water
into the Baltic, its salinity would decrease continuously and it would be
transformed into a fresh water lake. The surface layer has a lower density
than the deep water body. Between the two layers a halocline or pycnocline
is formed called the primary halocline. At this depth the salinity and conse-
quently also the density of the water suddenly increases downward inside
some 10 m.

This halocline separates the two water layers throughout the whole Baltic
were the depth is great enough, i.e. more than about 60 m. The inflowing
water sinks at the salt front in the Danish sounds below the outflowing
surface water and streams as a slow bottom current over the sill at Darss
into the Baltic following the deepest parts along the bottom. The Baltic
consists of a system of different basins connected to each other over sills.
The inflowing water fills these basins one after the other causing continuous
dilution (Ekman 1893). Therefore the salinity of this water decreases more
and more on its way east and north. The halocline is an impediment to the
mixing or exchange between the deep water and the surface water. There
occurs a slow mixing through the halocline giving the surface water a low
salinity. In the central Baltic the salinity of the surface water is about 1/5
of the salinity of the ocean water while the salinity of the deep water is
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about 1/3 of the ocean water salinity. The concentration of oxygen through-
out the water is not at a constant level because of the slow mixing through
the halocline. The surface water is well aerated but the oxygen contents of
the lower waters are continously decreasing from top to bottom. The reason
is that there is almost no supply of oxygen to the deep water from the
moment it sinks down below the surface water at the entrances to the Baltic.
The original oxygen in this water is partly consumed by oxidation processes
and only insufficient amounts of oxygen can be added through the slow
mixing through the halocline.

Because the salt water which is mixed into the Baltic water is real ocean
water it has ocean water properties. Also all the main constituents of ocean
water are found in almost the same constant proportions as in the original
ocean water in the Baltic. Fresh water from rivers, streams and precipitation
is not equal to the “Aqua Destillata” of the chemist. It contains dissolved
and suspended material. The water quality depends on many factors. The
chemical composition of the precipitation depends on the origin and the
route of the air mass involved in the precipitation (Eriksson 1959) and the
composition of the river and stream water depends on the properties of the
ground in the area which discharges its water through the water system.
The Swedish and Finnish rivers originate mainly in granite areas which are
rich in silicon but poor in limestone. The water of the Neva river is a mixture
of granite rock soil water and limestone soil water. The Narva river and the
rivers at the east and south coast of the Baltic proper contain water from
limestone soil areas (Buch 1945). This influences the ion content of the
Baltic water. The surface water is most influenced since it contains higher
amounts of river water than the lower waters. The high limestone and silicon
content of the water is notable in the Baltic. The limestone content is the
most important factor. The silica exists dissolved in water in concentrations
below ika' pg-at/l and it is only slightly dissociated in silicate ions. Calcium
exists in the sea water in high concentrations because it is one of the major
elements of the ocean water. It is probably brought out into the Baltic as
dissolved carbonate, mainly together with hydrogen carbonate and possibly
also as sulfate ions. This increases the alkalinity of the Baltic water (Buch
1945). The alkalinity is defined as:

A= [HCO03-] + 2[C032-] + [B(OH)4-] + [OH-] — [H+]

The influence of other ions is negligible except in stagnant water where
HS-, H-PO.-, HPOg2- and NH.+ may have some influence (Bichards et al.
1965). The hydrogen carbonate ion has the greatest influence on the alkalinity
and because large amounts of calcium carbonate are brought to the Baltic
with the river water, the alkalinity will to a certain degree be an indicator
of the limestone content of the river water (Buch 1945). The reason why the
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calcium content is not quite proportional to the alkalinity is that the river
waters also contain magnesium carbonate and sulfate ions.

The relation between the calcium content and the alkalinity of the Baltic
water has been investigated by Gripenberg (1937) and Wittig (1940) and
the magnesium anomalies by Nehring and Rohde (1967) and Rohde (1966).
Kwiecinski (1965 a) has investigated the S042/Ci~ relation. He found
generally an excess of sulfate ions with respect to ocean water. The surface
water always showed an excess of SO/-, especially in the eastern an
southern parts of the Baltic. During stagnant conditions when H2S had been
formed in the deep water he found a deficit of SO/- compared to what is
found in ocean water. Baars (1930) has shown that the sulfide ions in
stagnant water are formed from sulfate ions and not as one easily would
believe from organic sulfur compounds. Skopintsev (1957) has demonstrated
that this is true also for the H2S in the deep water of the Black Sea. Kwiecin-
ski (1965 b) also found a clear relation between the excess of Ca ions and A-S,
i.e. the difference between the salinity determinations through conductivity
measurements and through chlorinity titrations. Conductivity determinations
with a “salinometer” measures the electrical conductivity of the water
sample. This depends on the sum of ions dissolved per volume unit of water.
It is influenced by all ions present in the water, also by those originating
from dissolved gases. Chlorinity titrations determine only the sum of the
halogen ions. The assumption of this technique is that major ions are present
in constant proportions to the chlorinity. The salinity is computed from the
chlorinity using an experimentally determined formula (Knudsen 1901).
Because there are anomalies in the content of calcium, magnesium, carbonate
(specifically hydrogen carbonate) and sulfate in relation to the chlorinity of
Baltic water, the two salinity methods give different results. The salinometer
gives the sum of all the ions; the chlorinity titration gives only the ions
which are in a determined relation to the chlorinity. The latter method gives
the “conservative ions” in the water. Unfortunately it has hitherto not been
possible to find a distinct relation between the methods. The salinometer
may give up to 0.1 °/oo higher salinities (Kwiecinski 1965 b), (Grasshoff
1966 a, b), (Cox 1966). The variations are considerable in different parts of
the Baltic, on different depths and during different seasons.

Because all the salinities from the beginning of the century until present
time in the Baltic have been determined through chlorinity titrations, the
Hydrographic Department of the Fishery Board has continued to use the
chlorinity titration on Baltic water in spite of the fact that the salinometer
is a much faster and more convenient instrument. In this way the long
measurement series in the Baltic is continued.



I1l. General information

a. Station list, maps, topography

Fig. 1 shows a map of the Baltic with all the stations mentioned in the
present paper marked. Table | shows the coordinates and depths of these
stations. The depth given does not necessarily indicate the maximum depth
of the deep basin. In some cases the station has been moved from the original
place (Fonselius 1962).

The Baltic consists of a series of deep basins separated by sills. The system
of basins has been described by the author earlier (Fonselius 1962). In the
present paper the Baltic proper has been divided in main basins and these in
sub-basins. The main basins are: The Arkona Basin, the Bornholm Basin
and the Central Basin. The Central Basin consists of several smaller basins
and can be divided in three large basins: the Eastern Gotland Basin (general-
ly called the Gotland Basin in literature), the Northern Central Basin and
the Western Gotland Basin. These again are divided in smaller sub-basins
(see table II). The topography of the main parts of the Central Basin are
shown in figures 2, 3, 4 and 5. The Landsort Deep has here been included in
Fig. 5 which shows the Western Gotland Basin. Fig. 4 shows a separate map
of the Landsort Deep.

b. On the volumes of the deep basins

No information on the volumes of the deep basins is available in the litera-
ture. An attempt has therefore been made here to compute the volume of each
basin. Depth lines for 60 m and 100 m have been drawn on Swedish sea
charts, scale 1:500,000, printed by Kungl. Sjo6fartsverket (edition 1962). For
each deep basin the depth lines for every 50 m has been drawn. For the
Northern Central Basin the 125 m line has also been drawn. The volumes
have been computed with the formula:

v= (gi+ag) -h
2

where V is the volume, ai the upper surface, a2 the under surface and h the
depth in meters between the surfaces. The surfaces have been determined
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Fig. 1. Map of the Baltic showing the stations mentioned in this work and the main
parts of the Baltic.
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Fig. 2. The Eastern Gotland Basin. Depth lines for 100, 150 and 200 m are drawn.
The depth below 225 m is shaded.
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Sill depth 1QQm
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Fig. 5. The Western Gotland Basin (including the Landsort Deep). The depth lines for 100,
150 and 200 m are drawn. The Landsort Deep is shaded.



21

Table I. Hydrographic stations in the Baltic, the Kattegat and the Skagerack.

Station number and name Latitude N Longitude E Depth m.
S 12 Arkona Deep ... 55°00' 14°05' 55
IS 11 55°17.5' 14°24' 51]
Chr  Christians6 Deep . 55°23.5' 15°17 94
S 24 Bornholm Deep .....cinniccnnn. 55°15' 15°59' 95
S 23 Stolpe Deep ... 55°13' 17°04 95
R (Ry) ... 55°38 18°36' 102
S 22 ... 56°07 19°19 115
F 81 Gotland Deep . 57°20' 19°59 249
F 80 Faro Deep 58°00 19°54' 205
F 79 58°26.5' 20°20' 140
F 75 58°53' 20°19' 170
F 74 59°02' 21°05' 178
F 72 59°17'48" 21°34 176
F 78 Landsort Deep . 58°35' 18°14' 459
F 90 Norrképing Deep 58°00 18°00 205
S 41 Karls6 Deep....... 57°07' 17°40' 112
F 69 Lagskar Deep .. . 59°46' 19°47 195
F 64 Aland Sea Deep.....viinineenens 60°12.5' 19°07 301
F 33 60°33' 18°55' 137
F 30 . . 61°05' 19°35' 129
F 26 . 61°59' 20°04' 110
F 24 Ulvdé Deep . 62°50.5' 18°56' 293
F 12 64°13' 22°04' 110
F 8 64°40.5' 22°44' 94
F 54 59°43' 25°0r 101
Kullen . 56°14' 12°22.2 25
Fladen ... 57°11.5 11°40° 75
M 6 Skagerack Deep..........coooeniniininnn 58°10' 09°30' 700

with a planimeter. The volumes, sill depths and maximum depths of the
basins are shown in table Il. The sill depths have in some cases been taken
from Schulz (1956) but generally they have been estimated from the charts.

The volumes of the Arkona basin and the Bornholm basin are from
Ivullenberg’s work (1968).

Kullenberg has computed the volume of the Central basin to be 3500 km3.
The volumes of the different sub-basins have, however, not yet been pub-
lished. The method used for the computation was much more accurate than
the method used by the author (Kullenberg pers. comm.). This may explain
the difference of 600 km3 in the volume of the Central basin obtained by
Kullenberg and the author. Kullenberg’s work is at present not completed
and may need to be controlled and revised in the details.

Therefore the author has used his own crude values in the present work.
The method used may probably give around 10—15 % too high values.

These discrepancies will, however, not influence the rather crude calculations
made in this paper very much.
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c. Units and expressions

The unit “microgram-atom” is generally used in chemical oceanography.
It is here shortened to pg-at.

When the expression POs-P (phosphate-phosphorus) is used it always
means the total amount of P in H3PO4, H2PC>4~, HPO42- and PO43” present
in the water.

Hydrogen sulfide or H2S includes, when used below, also the ions HS~
and S2_. It is here usually expressed in ug-at/1l. It is inconvenient to use H2S
in ml/1 when o2 values are also included in figures which show the distribu-
tion of the two gases because of the great differences in the concentration of
them in the Baltic water. In some cases H2S has been given in both
units. Occasionally it is convenient to express H2S as “negative oxygen”,
but this unit does not give the real amount of H2S present in the water
and should therefore only be used as an oxidation equivalent for com-
parison purposes. “Negative oxygen” is the amount of oxygen equal to
the amount of H2S produced through reduction of SOn . The sulfate ion
contains 4 atoms of oxygen which are used for the bacterial oxidation of
organic matter and 1 atom of sulfur which is reduced from S6+ to S2_.
Multiplication of the H2S value expressed in ml/1 with 2 gives the “Negative
Oo™.

When oxygen saturation values have been used, they have been calculated
according to Fox (1907) because the tables computed during the last years
have not been internationally agreed upon.

d. A practical modification of the phosphate analysis method and
the fast routine work with a spectrophotometer aboard ships

Experience has shown that the “single solution” method by Murphy and
Riley (1962) is the best and most suitable phosphate analysis method foi-
routine work at sea.

There are some modifications of the technique which can be introduced.
Intercalibration tests (Koroleff 1965 c), (Fonselius 1966 a), Jones et al.
1966) have shown that filtering of the sample is not necessary in the Baltic
and North Sea areas if sample water is used as reference solution instead of
distilled water. An even better method is to use sample water acified with
acid and molybdate because the absorbance of the sample may change when
reagents are added. Also this corrects the turbidity of the sample water.

The single solution recommended by Murphy and Riley is stable for only
12 hours and a new solution has to be prepared every day. If the ascorbic
acid solution, however, is stored separately, as suggested by Koroleff (pers.
comm.), the solutions have been found to be stable for several weeks. The
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analysis method used at the Fishery Board of Sweden is carried out as
described below:

The reagents recommended by Murphy and Riley are used in the original
concentrations. All reagents except the ascorbic acid solution are mixed
together and stored in a brown glass bottle: The ascorbic acid solution is
stored separately in a dark glass bottle in the refrigerator. From each water
sample 2 glass stoppered 50 ml test tubes are filled with 25 ml of sample

test tube

funnel

cuvette

mouth piece

rubber tubing to

water jet pump

f  spectrophotometer
cuvette housing

g slide arm

h brass rod

O o O T 9

77 111

Spectrophotometer with filling device

Fig. 6. Apparatus for fast filling and draining of cuvettes in a spectrophotometer.
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Brass rod

using a Vogel pipette. To both test tubes 3.5 ml of the mixed reagent is added
with an automatic 5 ml DL syringe pipette (manufactured by Dansk Labora-
torieudstyr A/S, Ryesgade 3, Copenhagen N, Denmark). To the second test
tube 1.5 ml of ascorbic acid solution is added with a similar 2 ml syringe
pipette. The test tubes are stoppered and shaken and allowed to stand for a
minimum of 10 minutes and a maximum of 12 hours. The absorbance of the
samples is measured in a Beckman B spectrophotometer at 882 mu using
5 cm cuvettes. The water of the first ascorbic acid free test tube is used in
the reference cuvette. The results are evaluated by comparison with a curve
which is constructed by means of a standard series of phosphate solutions.

For the routine work at sea the spectrophotometer has been furnished with
an arrangement for fast filling and draining of sample water without
removing the cuvettes from the cuvette housing. The method is applicable to
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most models of spectrophotometers and photometers and may be used in
most kinds of routine measurements aboard. The construction of the device
is described in detail below:

A stand made of brass (Fig. 6h) is clamped to the base of the spectro-
photometer with two screws. A sliding arm (Fig. 6 g) can be moved up and
down the rod. The arm can be locked in three positions (Fig. 7 a, b, c) by
means of a spring locking device (Fig. 8 b) and jacks in the rod. The sliding
arm extends over the cuvette housing (Fig. 6 f) and is fitted with two holes
(Fig. 8¢, d) corresponding to the two necks of the cuvette (Fig. 6 c) when it
is in the light path. A small glass funnel and a mouth piece of glass tube
(Fig. 6 b, d) are fastened through the two holes with the under ends at the
same height. The mouth piece is connected to a water jet pump by means
of a rubber tubing (Fig. 6 €). When the slide arm is locked in its lowest
position, the funnel and the mouth piece extend through the necks exactly
to the bottom of the cuvette. In the second position the ends extend half
way into the necks (Fig. 6). In its highest position the slide arm can be
turned away from the cuvette housing and the cover of the housing can be
closed.

When the work begins, the cover is opened, the water jet pump is put to
work and the two cuvettes are placed in position in the cuvette housing of
the photometer. They are stored filled with distilled water. The stoppers
are removed and the slide arm is carefully lowered into its lowest position.
The water is now automatically sucked out from the cuvette. By filling
sample water through the funnel the cuvette is washed (Fig. 6 a). Then the
arm is lifted into the middle position. The main part of the sample is now
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Table I1. Volumes, sill depths and maximum depths of the Baltic deep basins.

Name of basin or deep Volume km3 Sill depth m Max. depth m

Arkona basin {below 30 m) 70 17 55
Bornholm basin (below 60 m) 160 45 105
Central basin (below 60 m) 4100 60 459
1. Eastern Gotland basin (below 100 m) .. 921 60 249
a. Gdansk basin (below 100 m) 10 88 116
b. Gotland Deep (below 150 m) 196 60 249
c. Faro Deep (below 150 m) 25 140 205
2. Northern Central basin (below 1 558 115 459
a. Northern basin (below 100 m) 228 115 219
b. Landsort Deep (below 100 m) 270 138 459
3. Western Gotland basin (below 100 m) .. 101 100 205
a. Norrkodping Deep — 100 205
b. Karls6 Deep — 101 112
Baltic proper-)-Gulf of Finland (0—60 m) 9500 — -
Baltic proper+ Gulf of Finland (totally) 13600 - —

drained into the funnel and flushed through the cuvette. The jet pump
prevents the cuvette from overflowing. The arm is then lifted in the upper-
most position and the second cuvette is moved in position. The same
procedure is repeated with the second test tube. The slide arm is turned away
and the cover is closed and the sample is measured. The procedure is
repeated with next set of samples. The water jet pump is connected to the
salt water system of the ship and is kept going during the whole analysis
procedure. The method allows a fast and safe handling of the samples even
in bad weather.



IV. A new stagnation period in the central Baltic

Stagnation periods caused by salt water inflows are well known in some
of the Baltic deep basins. Only one such stagnation period has been described
in the literature before World War Il (Kanire 1943). After the war the fre-
quency of the stagnation periods seems to have increased. Two such periods
have been described in previous papers by the present author (Fonselius
1962, 1967).

During the spring of 1965 there was a new inflow of high saline water
with a high density into the bottom area of the Gotland basin. The salinity
of the bottom water increased from 12.90 %o in January to 13.10 %>0 in
April. Fig. 9 shows how during the summer and autumn the bottom water
was slowly diluted by diffusion and turbulence through the boundary layer.
During the spring of 1967 the bottom water was renewed by an increase of
the salinity close to the bottom. During the inflow of 1965 the oxygen values
below 200 m increased to nearly 2 ml/1. This can be seen in Fig. 10. Oxygen-
poor water, however, x'emained in the layers above the new water. Oxygen
concentrations as low as around 0.9 ml/1 were found there. During the autumn
of 1965 the oxygen values of the deep water decreased leaving a small

10 «/» s

Years
F 8L Salinity in %,

Fig. 9. The salinity changes in the Gotland Deep between 1964 and 1968.
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F81 Oxygen and hydrogen sulfide

Fig. 10. Oxygen and hydrogen sulfide in the Gotland Deep between 1964 and 1968.

maximum at 200 m. During 1966 this development continued and two well
pronounced oxygen minima, one at 175 m and the second close to the bottom
below the 200 m maximum could be seen. During the summer H2S was
formed in the two minima areas leaving an oxic zone between them. In
November there was still traces of oxygen left at the 200 m level but in
February 1967 total stagnation had developed in the deep water and H2S
was found from 150 m down to the bottom of the basin. In June it was found
that oxygen-rich water had replaced the stagnant water close to the bottom.
There was, however, still stagnant water containing H2S remaining between
175 m and 200 m.

The new water had such a high density that it remained in the deepest
part of the Gotland basin and lost its oxygen. During the winter there again
appeared H2S in the bottom water. A very weak renewal of the whole water
mass occurred in the beginning of 1968 but very soon the oxygen disappeared
again and the H2S layer began to grow. At present (November 1968) the H2S
extends up above 150 m.

When the oxygen in the deep water decreases, there is always a corre-
sponding increase of the phosphate values. Fig. 11 shows the phosphate
concentrations during the same period as the previous figures. The phos-
phate distribution tends to be a negative picture of the oxygen distribution
with maxima where the oxygen has minima. The phosphate concentration
is always relatively low in the inflowing oxygen-rich water. However, in
stagnant water it increases rapidly because of the accumulation of phosphate
set free from decaying organic matter and possibly partly because of the
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Fig. 11. Phosphate changes in the Gotland Deep between 1961 and 1968.

dissolution of phosphate from the sediments or sedimenting inorganic matter.
The phosphate in the intermediate stagnant layer can, however, hardly
originate from the bottom sediments.

Fig. 12 shows in detail the distribution of the hydrographic factors in the
Gotland Deep and the Far6 Deep in May 1966. The oxygen minima at 175 m
and 240 m in the Gotland Deep can be seen here. No traces of H2S were
found in the two deeps. Fig. 13 shows the conditions in August 1966. H2S
had been formed in great amounts in the Fard Deep. In the Gotland Deep
the H2S formation had just begun close to the bottom and around 175 m.
The phosphate values show corresponding maxima in the H2S zones. Fig. 14
shows the situation in November 1966. At the time the H2S increased to very
high concentrations in the bottom layers in the Gotland Deep. There was
still an isolated layer of H2S containing water at 175 m. The water between
these layers was almost anoxic and showed a high phosphate concentration.
No H2S had yet developed there. Fig. 15 shows the development of the
stagnation in February 1967. Then the H2S layer extended up to 150 m. The
remains of the oxic zone at 200 m can be recognized as a small minimum in
the distributions of both H2S and PO4-P. Surprisingly the water of the Faro
Deep had been renewed and all H2S had disappeared there. Fig. 16 shows the
beginning of the inflow of new water into the Gotland basin. Oxygen was
again found in the bottom water but stagnant H2S containing water still
remained at the 200 m level. H2S was again found in the Faro Deep. This
may have possibly been stagnant water from the Gotland Deep which had
been forced down into the Faré Deep over the sill between the two deeps.

Fig. 17 shows two longitudinal sections through the Baltic proper along
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Fig. 12. Vertical distribution of hydrographical factors in the Gotland Deep and the Faro
Deep in May, 1966. The upper scale shows salinity, temperature and oxygen. The under
scale shows phosphate.
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Fig. 13. Vertical distribution of hydrographical factors in the Gotland Deep and the Faro
Deep in August, 1966. The upper scale shows salinity, temperature, oxygen and hydrogen

sulfide. H2S is expressed both in ml/1 and pig-at/l. The under scale shows phosphate.
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Fig. 14. Vertical distribution of hydrographical factors in the Gotland Deep and the Faro
Deep in November, 1966. The upper scale shows salinity, temperature, oxygen and hydrogen
sulfide. HgS is expressed both in ml/1 and [ig-at/1. The under scale shows phosphate.
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Fig. 15. Vertical distribution of hydrographical factors in the Gotland Deep and the Faro
Deep in February, 1967. The upper scale shows salinity, temperature, oxygen and hydrogen
sulfide. H2S is expressed both in ml/1 and [xg-at/l. The under scale shows phosphate.
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Fig. 16. Vertical distribution of hydrographical factors in the Gotland Deep and the Faro
Deep in June, 1967. The upper scale shows salinity, temperature, oxygen and hydrogen
sulfide. H2S is expressed both in ml/1 and [ig-at/1. The under scale shows phosphate.
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Fig. 17. Longitudinal sections of the Baltic proper through the stations S 12, S 11, Ghr, S 24,
S 23, R, S22, F81, F80 and F 79, showing the distribution of oxygen and hydrogen sulfide
in February and June, 1967.

the route of the “Skagerak” from the Arkona basin to the station F 79 north
of the Faro Deep. The sections show the oxygen distribution in ml/1 and the
H2S contaminated areas in February and June 1967. The section above shows
the conditions in February. The Gotland Deep is filled with H2S containing
water almost up to the sill of the Faré Deep. The Fard Deep does not contain
any H2S but the oxygen values are very low. The conditions below the haloc-
line which is situated close under the isoline for 8 ml O%1 in the figure are
quite disturbed. A large area with oxygen values below 1 ml/1 can be found
in the water around 75 m. During the February 1967 expedition 18 stations
were worked in the Gotland basin including the Faro Deep. The figure
therefore gives a very detailed and representative picture of the conditions
in this area. The figure indicates that water from the layers above the H2S
zone would be forced over into the Faré Deep. This may be the reason why
the H2S had disappeared there.

The section below in the figure shows the conditions in June 1967. Oxygen-
rich water is shown to be streaming down into the Gotland basin expelling
the stagnant water. A part of the H2S containing water seems to have been
forced over into the Faré Deep.
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When the stagnant water is mixed with oxygen-containing water the
oxygen reacts with the H2S oxidizing the sulfide to molecular sulfur or
possibly into sulfate. This reaction consumes free oxygen from the water:

1) 2H2ST 02—2H20 T 2S
2) H2S + 202™H?2S04

Probably the second reaction occurs in sea water (Dybssen pers. comm.).
This relation requires 2 molecules of oxygen for every molecule of sulfide
oxidized. The mixing occurs mainly in the deep water area north of the
eastern Gotland basin and the water has there a very low oxygen content.
The only supplies of oxygen are inflows of new deep water over the sills
along the bottom of the Baltic proper from Kattegat and a little mixing in
the boundary layer at the halocline. The renewal of the water in the Gotland
basin forces almost oxygen free water over into the deep areas north of
Gotland. This then impairs the oxygen conditions there. As has been shown
earlier by the author (Fonselius 1967) the accumulated phosphate is
released from the Gotland basin through the new inflow. It is mixed into the
deep water of the northern Baltic proper and eventually, mainly during
the winter, it is brought up to the surface layers. One may therefore expect
a “fertilization” of the Baltic surface water again. The results from the
“Skagerak”-expeditions in the Baltic during 1968 show that the new water
in the Gotland basin lost its oxygen very quickly again. The stagnation
continues and there are no signs of a new great inflow. On the contrary, the
stagnant conditions grow worse and worse in the whole Baltic proper.
Hydrogen sulfide was found even in the Bornholm basin during the autumn
and winter.



V. On the oxygen deficit in the Baltic deep water

Oceanographers with some experience of the hydrographic conditions in
the Baltic certainly have observed that the oxygen values in the deep water
below the halocline have been extremely low during the last decade. They
must also occasionally have experienced the smell of hydrogen sulfide in
the bottom water of the Gotland basin. One may easily get the impression
that these conditions are normal in the Baltic deep water since for at least
80 years it has been known that there is an oxygen deficit in the deep water.
This water can only be renewed through inflows of Kattegat water through
the Danish sounds (Ekman 1893).

Station profiles from different decades of this century show remarkable
differences in the oxygen concentration of the deep water, especially in the
northern part of the central basin. Fig. 18 shows the salinity, temperature
and dissolved oxygen distribution at station F 74 in the northern Baltic
proper in May, 1906. The depth there is more than 150 m and the station
may well represent the conditions in the deep water of the whole of this
area. The deep water there has a relatively homogenous composition from
the halocline down to the bottom. This indicates good mixing. The tempera-
ture of the deep water was in May, 1906 about 4.2°C and the salinity at
150 m was 10.1 %>0. At the same depth there was 3.15 ml dissolved oxygen
per liter. Fig. 19 shows the same station in July, 1939. The temperature of

1 23 456 78 9 101 12 13 14 15 16 17

MAY 6. 1906

Fig. 18. Vertical distribution of hydrographi-
cal factors at station F 74 in the Northern
Central Basin in May, 1906.
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Fig. 19. Vertical distribution of hydrographi-
cal factors at station F 74 in the Northern
Central Basin in July, 1939.

the deep water was now nearly 1°C higher than 1906, i.e. 5.2°C. The salinity
at 150 m was 11.0 °/oo and there was only 1.5 ml O2I. It can be seen that
the oxygen was half of the value it was 30 years earlier in spite of the fact
that temperature and salinity had undergone only slight changes. Fig. 20
shows the conditions at the same station in June, 1967. The temperature has
decreased slightly to 4.9°C but the salinity has increased a little to 11.15 %o
at 150 m. There has, however, been an alarming decrease in the dissolved
oxygen and it is now only 0.4 ml/1. The same conditions exist at other deep
stations in this area.

In the following figures every available oxygen value from the literature
and the ICES data lists for each particular station was used in order to test
the continuity of the decreases in dissolved oxygen. At station F 74 the
oxygen saturation values at 150—170 m from 1900 to 1967 have been

2 3456 78 9 1011 1213 14 15 16 17

F74
JUNE 6.1967

Fig. 20. Vertical distribution of hydrographi-
cal factors at station F 74 in the Northern
Central Basin in June, 1967.
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computed. Fig. 21 shows how these values form a steeply falling curve. One
may extrapolate that all dissolved oxygen will be used up in a very short
time. Fig. 22 shows the absolute values for dissolved oxygen in ml/1 at 100 m
depth on station F 75 during the same period. This station is located almost

Station F 75
02 in ml/l at 100 m
1904-1967

ml/l

< *\1 . .
\ Fig. 22. Oxygen in ml/1 at 100 m depth at
O 5 station F 75 from 1900 to 1967.
1900 10 20 30 40 50 60 70
years
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in the middle of the northern central basin. It is in the same vicinity as
station F 74 and the oxygen curve for this station shows the same trend as
at F 74. Fig. 23 shows the mean values for dissolved oxygen below the
halocline at station F 78 and it is plotted in the same manner as the curves
for the above stations. This station is the Landsort Deep, the deepest spot
of the Baltic. Here one observes again the same pattern for the oxygen
curve. If this trend continues for some years, the oxygen will disappear
completely from the deep water. Then the formation of hydrogen sulfide
through sulfate reducing bacteria will begin in the oxygen free water and
soon it will spread to the higher layers just below the halocline.

There are no deep stations west of Gotland with a long record of oxygen
measurements, but at present the conditions are just as bad there as north
of Gotland and there is no reason to believe that the development has been
different in this area. Hydrogen sulfide (HoS) has been found there on several
occasions. This is supported by measurements taken from the Norrkdping
Deep (F 90) at 150 m (Fig. 24) and from the Karlsé Deep (S 41) at 100 m

F 90
10 02 mi/l
\ 150 m
E \ 1957-1968
o \
\
05 \
\
Fig. 24. Oxygen in ml/l1 at 150 m depth at N
station F 90 (Norrkoéping Deep) from 1957 to
1968.
LJ | L J !

1958 60 62 64 66 68
years
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during the period 1954 to 1968 (Fig. 25). At both stations the oxygen values
decreased from the time the measurements began and are now close to O.
The Gulf of Finland is not separated from the Baltic proper by any sills
and for this reason it may be regarded as a part of the central basin. There
are no stations in the Gulf of Finland with a sufficient depth to be of signi-
ficance, where continuous oxygen measurements have been taken from the
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Fig. 26. Oxygen in ml/1 at 90—100 m depth
at station F54 in the Gulf of Finland from

0 1904 to 1939.
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Fig. 27. Oxygen and hydrogen sulfide at 200 m depth in the Gotland Deep between 1953
and 1968. Og is expressed in mil/1, HgS as “negative oxygen” in ml/l.

beginning of the century to present time. Fig. 26 indicates the oxygen values
at station F 54 in the deepest part of the Gulf of Finland on the line Tallinn—
Helsinki. The values are from 90—100 m depth. The measurements ended
in 1939. After World War Il the station was no longer located on interna-
tional waters. Therefore it has not been possible to visit the station and no
data have been published in the ICES data lists. The pattern of the oxygen
values which have been collected is similar to patterns elsewhere in the
central Baltic for the same period. It is quite possible that developments in
terms of oxygen values at station F 54 have continued to parallel develop-
ments in the central Baltic.

The oxygen deficit in the Gotland basin has been described in earlier
works (Fonselius 1962, 1967) and also chapter IV of this paper. Fig. 27
shows the oxygen variations and the forming of H2S in the Gotland basin at
station F 81 from 1953 to 1968. The oxygen values are given in ml/1 and the
H2S values as “negative oxygen” (H2SX2) in ml/1 (the definition of negative
oxygen is given in chapter IlIl). The figure illustrates in detail how the
oxygen continuously decreases after every inflow of new salt water. It can
also be seen that the development of anoxic conditions after a salt inflow
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takes about 1 to 2 years and that the anoxic conditions at present seem to be
worse than ever before. It is interesting to note that the great stagnation 1951
to 1961 actually can he divided in two parts. There occurred a new inflow
of heavy oxygen-rich water in 1955 (Fonselius 1962). After this inflow the
real anoxic conditions with development of H2S began.

It has been shown by the author (Fonselius 1962) that the oxygen values
in the deep water of the Bornholm basin show fast and great variations
because the inflow area is quite near. For the above reasons the following
discussion will not deal with the Bornholm basin.

The Gulf of Bothnia is separated from the Baltic proper by a sill with a
sill depth of approximately 45 m. According to Hela (1958) and Palosuo
(1964 b) a narrow 70 m passage exists through this sill to the Aland Sea.
Because the halocline in the Baltic proper at present is located at around
60 m depth (see chapter VI) one expects that there will be only a small supply
of Baltic deep water to the Aland basin. This has been confirmed through
salinity observations at station F 69 in the Aland Sea (Palosuo 1964 b).
Oxygen conditions in the central basin north of Gotland are poor. For this
reason the oxygen values would be expected to decrease slightly in the deep
water of the Aland Sea over a period of time. Fig. 28 shows the oxygen
values in ml/1 at 150—170 m on station F 69 from 1899 to 1961. A decrease
of the oxygen values is indicated in the figure. The oxygen saturation values
for F 69 on the same occasions were computed and are indicated in Fig. 29.
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Fig. 28. Oxygen in ml/1 at 150—170 m depth
at station F 69 in the Southern Aland Sea
oL | i i i from 1899 to 1961.
1900 10 20 30 40 50 SO 70
—> years



44

100

F 69

Oxygen saturation

1899-1961

.~ 150-170 m
80
60 \
40
AN

20

Fig. 29. Oxygen saturation values at 150—
170 m depth at station F 69 in the Southern
Aland Sea from 1899 to 1961.
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Fig. 30. Oxygen in ml/l at 250—300 m
depth at station F64 in the Northern
Aland Sea between 1890 and 1968.
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The Aland Sea is divided into two basins by an approximately 80 m deep
sill. The deepest station in the northern Aland basin is F 64. Fig. 30 shows
the oxygen values at 250—300 m depth at this station. Only a slight influence
of the Baltic deep water is detected here. The values were recorded from
1890 to 1968.

The Gulf of Bothnia has generally been regarded as a sea with a very good
yearly aeration because of the thermohaline convection during the winter.
This is not quite true. From Granqvist’s work (1938) it is obvious that the
southern part, the Bothnian Sea, renews its bottom water through horizontal
exchange. During the winter, cold surface water from the northern Baltic
proper sinks into the Aland Sea and streams along the bottom channel to the
Bothnian Sea following the deepest parts. It circulates counterclockwise
along the bottom. The winter convection does not reach through this water
(Palosuo 1964 b). Therefore the oxygen values in the far western deep part
of the Bothnian Sea are lower than in the southern and eastern parts. If the
amount of oxidizable organic matter were to be increased in the water, as for
instance through waste disposal from the cellulose industry, then the oxida-
tion of this matter could decrease the oxygen values of the deep water. Fig. 31
shows the oxygen values from 175—200 m depth between 1900 and 1968 at
station F 24. This station is the Ulvd Deep, the deepest spot of the Bothnian
Sea. The figure illustrates a steady decrease in oxygen values. Perhaps the

F24
02ml/I
175-200m190Q-1967

Fig. 31. Oxygen in ml/1 at 175—200 m depth
at station F 24 (Ulvd Deep) in the Bothnian

Sea between 1900 and 1968. | | | L L
1900 10 20 30 40 50 60 70
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Fig. 33. Oxygen and hydrogen sulfide at j L

100—115 m depth at station F 72 in the
Northern Central Basin at the mouth of
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values.
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Fig. 34. The H2S contaminated deep water
areas in the Baltic proper in September,
1968. The areas are only approximately
marked; the bottom topography is dis-
regarded.

above mentioned oxidation process which involves waste disposal is respon-
sible for this. It is also possible that the continuous decrease of oxygen values
is caused by the increased salinity of the deep water (see chapter VI).

No such effect could be detected in the shallow northern part of the Gulf
of Bothnia, the Bothnian Bay. Fig. 32 shows the oxygen values at 100 m
depth at station F 12 from the beginning of the century to the present time.
The great variations of the oxygen values indicate that the winter convection
extends down to the bottom in this part of the sea and renews the bottom
water every year.

During the “Skagerak” cruise in September, 1968 the chemical para-
meters were determined in the Baltic proper and the Gulf of Bothnia. It
was observed that the oxygen conditions in the Baltic proper were extremely
bad. H2S was found in the deep water of the Bornholm basin, the Gotland
Deep, the Faro Deep, the Norrkdping Deep and the Karlsdé Deep. Surprisingly
H2S was also observed at stations F 74, F 75 and F 72 in the Northern Central
basin. H2S has never been observed at these stations earlier. It was indeed
astonishing to find H2S at 100 m depth at F 72 which is located at the mouth
of the Gulf of Finland. Fig. 33 shows the oxygen values at this station from
the beginning of the century to September, 1968 at 100 m. The curve is
extended below zero and shows H2S as a negative value in ml/1. The map in
Fig. 34 shows the H2S contaminated deep water areas of the Baltic in Septem-
ber, 1968. There still was no H2S in the Landsort Deep. A brief discussion can
clarify the reasons for this.

The Landsort Deep is a crescent formed depression with very steep sides.
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LANDSORT DEEP
F 78

SEPT. 5.1968
o mil Fig. 35. Vertical section of the hydrographie
conditions in the Landsort Deep in Septem-
ber, 1968.

The deepest part (maximum depth 459 m) is a very narrow canyon (Fig. 4).
In the northern part the canyon opens to the east. The bottom currents must
be relatively fast because the water is quickly exchanged. The very homo-
geneous conditions in the water below 100 m indicate that the mixing in the
deep water is quite good (Fig. 35). Thus the Landsort Deep has withstood
contamination until recently. If 11-S does appear there it will be because the
Northern Central basin contains enough H:S to penetrate over the sill be-
tween the Northern basin and the Landsort Deep. (The Landsort Deep can
be viewed as a sort of indicator of the conditions in the whole deep water
body north of Gotland; the absence of H=S does not permit us to deduce
anything about the conditions in neighboring water, but its presence in the
Landsort Deep implies that H=S exists in the Northern basin). Observations
taken in September, 1968 indicate that H2S will penetrate over the sill
between the Northern basin and the Landsort Deep very soon.

In November, 1968 in the Landsort Deep H2S was found from 300 m down
to the bottom. This is the first time H=S has been recorded in the Landsort
Deep.

A more detailed picture of the increasing oxygen deficit in the deep water
of the Landsort Deep is given in Fig. 36. Here the development from 1890 to
the present time is shown in a time diagram. Only the isolines for each ml/1
oxygen have been drawn. The curves have been smoothed and the conditions
during the World Wars have been interpolated. It can be seen how the
oxygen deficit continuously increases. The isoline for 4 ml/1 O2 was close to
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100 m in the beginning of the century and is now almost at 60 m. The im-
proved conditions during the 1930’s can also be viewed as an increase of the
oxygen values in the deep water during that period (see chapter VI). The
very last results from the November expedition 1968 are included in the
figure. H2S was now observed in the Landsort Deep from 300 m down to the
bottom. It was mentioned above that this contaminated water originates
from the deep areas of the northern Central basin. The H2S has now reached
the sill level to the Landsort Deep there and the anoxic water streams over
the sill down into the Landsort Deep.

If this development continues in the Baltic deep water, the whole water
mass below the halocline will soon turn into a lifeless “oceanic desert” such
as is found in the Black Sea. The present stagnation will probably lead to a
catastrophe for the bottom fauna in the deep areas of the whole Baltic proper.



Yl. On long-time variations of salinity,
temperature and density

It is a well established fact that the salinity of the Baltic water has in-
creased since the beginning of the 20th century. This increase has been
described by several authors: Grangvist (1952), Segerstrale (1953), Lind-
quist (1959), Ahlnas (1962), Soskin (1963), Hela (1966). This increase
has occured both in the surface water and in the deep water. It is more easily
followed in the deep water where the annual variations of the river water
discharge will not cause direct and fast fluctuations of the salinity.

The salinity increase at the station F 81 in the Gotland basin from 1900
to 1968 is shown in Fig. 37. The values up until 1960 are taken from the work
of Soskin (1963). The later values are yearly mean values of the measure-
ments carried out by the Fishery Board of Sweden. There do not exist any
data from the time of the two World Wars, but judging from the conditions
before and after the wars, one may draw the conclusion that no important
changes have occured in the Gotland basin during these periods. It should be
noted that although Soskin’s data are claimed to be annual mean values,
there exist only one single series of measurements for most of the years.
These measurements can not be assumed to always be representative for
a year.

From the figure one can see the decrease of the salinity during the 1930’s
described by Soskin (1963) and others. This decrease occurred both in the
surface water and the deep water. During 1938—1939 a new inflow of more
saline water began in the bottom layers. This process most probably con-
tinued during World War Il. From the figure it can be concluded that the
surface salinity has remained above 7 %0 since 1947 and that the salinity
below 150 m has not decreased below 12 °/oo during the same period. The
great salt inflow during 1951—1952 (Fonselius 1962) raised the salinity
above 13 %o at 150 m. During the following stagnation period, which began
in 1955, the salinity decreased continuously and reached the isohaline for
13 %>0 at 225 m depth in 1959. There are no direct signs of a beginning
general decrease of the salinity in the Baltic as claimed by Soskin (1963).
On the contrary, the salinity may well continue to increase.

The isohaline for 8 %0 can be considered to be the upper limit for the

halocline in the Baltic proper (Hela 1966). From the previous figure it can
be seen that the increased salinity of the deep water has forced the halocline
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Fig. 38. Salinity variations at 100 ni depth at
station F 75 in the Northern Central Basin

from 1900 to 1968.
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upwards. During the first years of the century the halocline began at a depth
of 80 m. Now in 1968 it begins at about 60 m. The deep water body of the
Baltic proper has therefore increased about 200 km3.

This salinity increase is also demonstrated in fig. 38 where the salinities
on station F 75 at 100 m depth between 1900 and 1968 are marked. There is
a considerable scattering of the values, but it can be seen that the salinity
increased during the 1920’s and decreased in the beginning of the 1930’s.

F64
sv.
1898-1968
250-300 m

6.0 U | [ | |
1900 10 20 30 40 50 60 70
----» years

Fig. 39. Salinity variations at 250—300 m
depth at station F 64 in the Aland Sea from

1898 to 1968.
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Fig. 40. Salinity variations at 100 m depth  Fig. 41. Salinity variations at 100 m depth
at station F 30 in the Bothnian Sea from at station F 26 in the Bothnian Sea from
1898 to 1968. 1899 to 1968.

After World War Il the salinity as an average was about 1 %0 higher than
before. The reasons for these fluctuations shall be discussed below.

The increased salinity of the deep water may also be seen in the Aland Sea.
The salinity change in the 250—300 m layer at station F 64 in the Aland Sea
is shown in Fig. 39. Over a period of 70 years the salinity has changed from
about 6.75 %> to 7.5 %o0. When the halocline in the Baltic proper raised
higher and higher, the sill to the Aland Sea was left below it. (It will be
recalled that it was mentioned in chapter V that there is a narrow channel
with a sill depth of 70 m between the Baltic proper and the Aland Sea). The
raising bf the halocline in the Baltic proper made it possible for high saline
deep water to flow down into the Aland Sea and the Gulf of Bothnia and
consequently raise the salinity there. This can explain the decreasing oxygen
values in the deep water of the Aland Sea and the Bothnian Sea.

Figures 40, 41 and 42 show examples of the salinity changes in the deep
water of the Bothnian Sea at stations F 30, F 26 and F 24. All three stations
show a decrease in salinity from the beginning of the century to about 1910.
In 1910 the salinity began to rise and reached a maximum around 1925.
After this a continuous decrease began and a new minimum was reached in
1935. From that time the salinity begins to rise again; this process seems to
still be continuous, but at a slower tempo. The 1935 salinity minimum has
been described and explained by Soskin (1963).

The salinities in the Bothnian Bay give a somewhat different picture. Fig.
43 and Fig. 44 show the salinity at station F 12 and F 8 in the deep water of
the Bothnian Bay. There was not any decrease in salinity during the first
decades of the century; on the contrary there seems to have been a small
increase until 1920. After 1920 a decrease began and the lowest values were
reached around 1936, or maybe later. Unfortunately there are no measure-
ments from 1939 until 1954 because of the war. Therefore it is not possible
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Fig. 42. Salinity variations at 200 m depth  Fig. 43. Salinity variations at 100 m depth
at station F 24 (Ulvd Deep) in the Bothnian at station F 12 in the Bothnian Bay from

Sea from 1899 to 1968. 1905 to 1968.
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Fig. 44. Salinity variations at 80—90 m depth
at station F 8 in the Bothnian Bay from 1903
to 1968.

to state when the increase of the salinity began again. The very last measure-
ments in September, 1968 indicate a small decrease of the salinity. More
information is needed from this area.

Soskin (1963) has thoroughly investigated the problem of the increased
salinity of the water in the Baltic and in the following discussion of this
subject the author will draw very heavily upon his work.

One factor responsible for the increased salinity of the water in the Baltic
is a decreased river outflow to the Baltic basin. It seems useful to look closely
at the outflow patterns for important rivers discharging into the Baltic
during this century. From annual moving average outflow values it can be
shown that the outflow decreased during the first decades but increased
during the 1920’s and the first years of the 1930’s. During the second half
of the 1930’s and the beginning of the 1940’s the outflow was extremely low
but it increased again after World War Il. It never again reached its long
time mean value after the war. These observations can be connected with the
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extremely low salinities during the 1930’s and the increased salinity after
World War Il. There is a correlation between the increasing river outflow
and the decreasing salinity in the Gulf of Finland during the 1930’s and the
decreasing outflow and increasing salinity after World War Il. (These con-
clusions are derived from data from Finnish coastal stations).

The following factors are according to Soskin (1963) responsible for the
increased salinity of the water in the Baltic:

1) A decreased runoff to the Baltic basin will increase the salinity of the
Baltic in spite of the fact that the part of the water exchange through the
Danish sounds caused by runoff will decrease as a consequense.

2) An increased intensity of the deep current in the Kattegat and the Danish
sounds.

The main reason for these processes are changes in the atmospheric
circulation which have been observed over a long period. Cyclonic activity
over Europe diminished and during the 1930’s anticyclonic conditions devel-
oped. The latter atmospheric conditions cause a decrease in precipitation
resulting in a corresponding decrease of runoff.

Another factor which has contributed to the increasing salinity of the
Baltic must be mentioned. Through the influence of westerly storms over the
North Sea, salt water has been forced over the sills into the Baltic. This
happens only during special circumstances. The most important of these
inflows happened during November—December 1951 when about 200 km3
of salt water was forced into the Baltic. This occasion has been described and
explained by Wyrtki (1954). The increased salinity and the following stagna-
tion in the Gotland basin after 1951 has been described by the present author
(Fonselius 1962). Several smaller inflows occured later (Fonselius 1967,
chapter IV of this paper).

Dickson (1968) has studied variations of the salinity in the Northern
Atlantic and adjacent seas over long periods. He found a direct correlation
between the mean salinity anomaly curve for the Irish Sea and the Lappe-
grund lightvessel in Oresund at 12.5—15 m depth. The Irish Sea data,
according to Dickson, mirror the hydrographic conditions in the shelf area
as a whole. The fluctuations in the shelf area are thought to be caused by
southerly-wind-induced variations in the oceanic inflow. Dickson concludes
that any acceleration of Atlantic water inflow to the shelf area is accom-
panied by an acceleration of the inflow to the Kattegat, the Belts and the
Oresund. He explains further that special circumstances exist in the Transi-
tion Area and make it necessary that other factors be considered. For instance
the volume of the Baltic compensation current may increase if there is a
relative drought and such a drought can be caused by a persistent blocking
anticyclone over Scandinavia. These observations support Soskin’s theories.



57

JjHusSwW' .

"996T 0} //8T WoJ) des@ 140SpueT 8yl Jo Jajem dsap ayl ul suoljersea ainjesadwa] sy *Bi4
SIeak <--—----
o3 OF e 00% 08

(@]

»X

W 6G7-00¢

ao

Cco

"J

uri

0.1



58

F74

150-170m  S00-1967

Fig. 46. Variations of at at 150—170 m depth

7.0 L ) at station F 74 in the Northern Central Basin
1900  X) 20 30 40 50 60 0

years from 1900 to 1967.
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Kullenberg (1955) has theoretically shown that the salinity of a semien-
closed basin like the Baltic, shall increase if the supply of fresh water to the
basin decreases.

It has been established that the temperature of the oceans has increased
during the 20th century and that this has influenced the temperature of the
Baltic water (Soskin 1963). Fig. 45 shows this increase in the deep water of
the Landsort Deep from 1877 to the present time. All temperature values
between 200 and 459 m found in the literature are included in the figure.
The great salt inflow during the 1950’s increased the temperature of the deep
water to around 5.5°C but during the following stagnation period the tempe-
rature decreased more than 1°C. A new inflow around 1960 again increased
the temperature to almost 5.3°C. Then a new decrease began which still
continues. The temperature values at present are about 0.8°C above the
temperatures which were obtained when the measurements began in 1877.

The density of the water is a function of both temperature and salinity.
An increase of 1 °/oo in the salinity will, however, increase the density of the
water several times more than an increase of 1°C in temperature will decrease
it. Because of the increased salinity of the water the density of the Baltic
water has increased during the present century. The increase is greater in
the deep water than in the surface water. The density increase of the deep
water at station F 74 from 1900 to 1967 is shown in Fig. 46. The increase of
the density is almost 1 unit of &t

The change in vertical direction of the ot is nearly proportional to the
vertical stability of the system (Sverdrup et al. 1942). Therefore the stability
E of the Baltic water is a convenient measure of the difference in density
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Fig. 47. Variations of stability (E) in the 50—100 m layer in the Landsort Deep from
1893 to 1968.

between the surface and the deep water. The salinity and temperature have
ordinarily been determined at every 10 m in the Baltic down to 80 m. The
depth of the halocline may vary due to internal waves and even if this factor
is not considered the above mentioned measurements are not frequent enough
to get the exact shape of the halocline. The standard depths in the Baltic do
not include 90 m and therefore this depth is not always sampled. In order
to be sure that the halocline is always included, the stability of the 50—100 m
layer has been computed in this work. Fig. 47 shows the changes of the
stability between 50 and 100 m in the Landsort deep from 1893 to 1968.
The high stabilities caused by the great salt inflow in 1951 are followed by
decreasing stability numbers until the new water inflows into the Baltic
during 1959—1961. It is difficult to get a very clear picture of the develop-
ment after 1961 but one can see that the stability numbers are higher at this
time than during the beginning of the century. A much clearer picture is
given when only the summer values are used. During the summer the
stability reaches its maximum due to the formation of the thermocline. These
conditions are shown in Fig. 48, where only the values for June, July and
August from the previous figure have been used. It may be concluded that
the summer stability has increased nearly one unit of EX105 during the 20th
century. In the introduction another reason for using only summer values
was noted and that is that there exist almost only summer values from the
Baltic before World War II.
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The Landsort Deep

The stability in the 50-100 m layer
During June, July and August
1893-1968

Fig. 48. Variations of stability (E) in the 50—
100 m layer in the Landsort Deep during the
summer months from 1893 to 1968.

A more detailed picture can be given when values from the Gotland Deep
are examined. Here all existing values including the winter values have been
used. Fig. 49 shows the stability in the 50—100 m layer at F 81 from 1893
to the present time. The different inflows and the stagnation periods can be
identified. Kanre (1943) described the first stagnation period which was
caused by an inflow of heavy water in 1928. This stagnation ended in 1932 or
1933. The great inflow of 1951 increased the stability to almost 7X105 E.

The Gothland Deep F 81
The stability of the 50-100 m layer
7 - 1893-1968

1890 1900 1910 1920 1930 1940 1950 1960
------- » - years

Fig. 49. Variations of stability (E) in the 50—100 m layer in the Gotland Deep from
1893 to 1968.
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10 year running mean values of the
runoff of the rivers Neva, Vuoksi, Kymijoki.

The Neva

The Vuoksi at Imatra

The Kymijoki at Kalkkinen

1840 50 80 90

Fig. 50. Runoff values in m3/s from the Neva, Vuoksi and Kymijoki rivers computed as
10 years running mean values.

I he following stagnation was broken by a new inflow, which reached its
maximum in 1961. This inflow after a period caused a new stagnation which
was broken in 1964 (Fonselius 1962, 1967). The figure also indicates that
the stability slowly has increased during these inflows and that cycles of
inflows with subsequent stagnation periods get more and more frequent.
Very few hydrographic observations were made in the Baltic area before
1900. Therefore it is almost impossible to draw any reliable conclusions about
the conditions in the Baltic during the 19th century. There exists, however,
an uninterrupted series of runoff measurements from the Finnish river
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Vuoksi at Imatra which began in 1847 (Sirén 1958). The river Vuoksi does
not flow into the Baltic but into Lake Ladoga which runs into the Gulf of
Finland through the Neva river. There are uncertainties in these values from
the 1800’s because it is possible that changes in the river profile at the place
where the observations were performed have occured. Still the series do give
some indication of the changes in runoff. The Vuoksi river belongs to the
Finnish inland water system; its runoff fluctuations have been compared to
the fluctuations of rivers discharging in the Baltic. Fig. 50 shows 10 year
running mean values for the Vuoksi from 1847 compared to similar mean
values for the Kymijoki at Kalkkinen and the Neva. The values for the Neva
are from Antonov’s (1964) work. It can be seen from the figure that all the
rivers show the same trend. Soskin (1963) has shown that the runoff from
the Neva river is similar to the runoff of all rivers discharging into the
eastern Baltic. Therefore it may be assumed that the runoff of these rivers
also has been similar to the runoff of the Vuoksi during the 19th century.
There seems to have been a period of low runoff around the middle of the
century, a period of higher runoff around 1860—1870 and a new low period
around 1880—1890. Soskin (1963) has shown the close correlation between
runoff and salinity during the 20th century. Therefore it may also be assumed
that the salinity in the Baltic was high during the middle of the 19th century,
that it decreased during the 1860’s and 1870’s and that it again increased
during the 1880’s. In 1890 a new decrease began. The series is too short to
identify any exact patterns but the little data that exist show a certain
periodicity in the runoff variations. There seems to be a general decreasing
trend of the runoff in all three rivers from the beginning of the 20th century.
If this is a true trend and it does continue there is not much hope for im-
proved oxygen conditions in the Baltic deep water.



VIlI. On the phosphorus in the Baltic

Phosphorus is a nutrient which is necessary for most living organisms. It
is considered to he the limiting growth factor for the primary production
in the Baltic (Fonselius 1967). Phosphorus occurs in sea water in organic
and inorganic forms and for each of these forms soluble and particulate
variations exist; soluble organic, particulate organic, soluble inorganic and
particulate inorganic. The most important form is the inorganic soluble
phosphorus which occurs as dissolved ortho-phosphate. It is directly avail-
able to the phytoplankton. A form of particulate inorganic phosphorus is
suspended apatite grains. Organic phosphorus originates from living orga-
nisms; the particulate form may be living micro-organisms or dead parts of
organisms; dissolved organic phosphorus occurs in the cell juice of orga-
nisms or may be formed through decay of dead organic matter and it is not
directly available to the phyto-plankton before it has been transformed into
inorganic form.

Inorganic soluble phosphorus is routinely determined aboard research
vessels and so the ortho-phosphate is analyzed. These analyses were even
carried out in the Baltic before the World War Il (see Introduction). Unfor-
tunately few results were published because of the technical and analytical
difficulties encountered in the work. The scattering of the values was con-
siderable. On some occasions also total phosphorus was analyzed by the
laborious technique of boiling with sulfuric acid.

The analytical methods improved after World War Il and phosphate is
now analyzed aboard all research ships in the Baltic area. The single solu-
tion method by Mubphy and Riley (1962) is used in all countries around
the Baltic. Intercalibration tests have shown that the results of the different
laboratories agree surprisingly well (Fonselius 1966), (Jones et al. 1967).
Since different methods of preservation of the sample have failed (Koroleff
1968) it has been found that the analyses have to be carried out immediately
after the sampling aboard the ship in order to avoid changes in the phos-
phate content of the sample through biological activity.

The results obtained before World War Il showed that phosphate is the
main constituted of the total phosphorus in sea water. After the war better
methods to routinely analyze total phosphorus were instituted. At the Fishery
Board of Sweden Koroleff's (1968 a) method has been successfully used.
Examples of such analyses are shown in Figures 51 and 52. Fig. 51 shows
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the distribution of phosphorus at stations F 81 and F 80 in the Gotland basin
during the February, 1968 expedition. Total phosphorus and phosphate were
analyzed from the same sample on all standard depths. The difference be-
tween total P and phosphate (PO0s-P) gives the amount of “Organic P”. All
three parameters are shown in the figure. As can be seen the organic P is 40—
60 % of the total P in the surface water. In the deep water it is only a small
fraction of the total P. The main part of the P in the deep water consists of
PO4-P. The conditions were stagnant in the deep water at both stations
during February, 1968 and H2S was found below 150 m. The amount of
organic P increases towards the bottom showing that the oxidation rate in
the oxygen-free water is too slow to break down the organic compounds
before they reach the bottom. In this manner organic matter is accumulated
in stagnant deep basins.



65

1 23 456 789 10112 S%

F 78
15.2.1968
Distribution

phosphorus
Jjg-at/1

-f org.R tot.P.

jjg-atA

Fig. 52. The distribution of the phosphorus components in the Landsort
Deep in February. 1968.
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Fig. 52 shows the phosphorus components in the Landsort Deep during
the same expedition. Here also the surface water contained more organic P
than PO4-P. In the Landsort Deep oxygen was still present in the deep water
and the mixing there is relatively fast. Therefore no accumulation of organic
P does occur in the deep water. The oxidation is also much faster in water
containing dissolved oxygen than in oxygen-free water where the oxygen
needed for the oxidation process has to be produced through bacterial reduc-
tion of nitrate and sulfate.

Unfortunately it is not possible to judge whether the amount of organic P
has increased in the surface water because of the high amount of sewage
and industrial wastes deposited in the Baltic during the last decades, or
whether the values obtained by the author are normal for the Baltic. Past
analyses of total P are too few and the methods used too crude for such com-
parisons.

It is, however, possible to make comparisons of the amounts of PO4-P in
the deep water of the Baltic during the last 15 years. Fortunately enough
PO4-P data are available for that purpose at several stations. Fig. 53 shows
the mean values of PO4-P in pg-at/l from the deep water of the Landsort
Deep between 1954 and 1968. One value from 1938 is also included. It is
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the Norrkoping Deep from 1958 to 1968.

clear that the PO4-P during this time has increased continuously from about
1 pg-at/l to nearly 3 ug-at/l. The phosphate concentration in the Landsort
Deep has increased almost 3 times during 14 years. Other stations show a
similar tendency. Figures 54 and 55 are from the deep water of the Norr-
képing Deep (F90) and the Karls6 Deep (S41) for the last 10 years. A con-
tinuous increase of the PO4 concentration has occured at both stations.
The increase is higher here because of the fact that both stations are stagnant
and contain H2S in the deep water. The reason for the high phosphate con-
centrations in stagnant water has been described earlier (Fonsetius 1967)

sa
5.0 PO”-P ugat/I
100 m
1958-1968
Wt e e Fig. 55. Phosphate values at 100 m depth in

years the Karls6é Deep from 1958 to 1968.
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Fig. 56. Phosphate values at 275 m depth
J i at station F 64 in the Aland Sea from 1929
years to 1966.

and will be further discussed in chapter IX. Fig. 56 shows the phosphate
concentration at station F 64 in the Aland Sea at 275 m depth. Two PO4-P
values from around 1930 are included in the figure. Here the P values seem
to remain rather constant until 1960. Then a sharp increase of the values
begins. The measurements from the Gulf of Bothnia are too Scarce to allow
any conclusions.

The phosphate concentration in the surface water of the Baltic proper
between 1958 and 1964 has been investigated earlier (Fonselius 1967).
During that short time it was not possible to see if the phosphate values had
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Fig. 57. Phosphate values in the surface water of the stations in the Central Basin of the
Baltic proper from 1951 to 1968.
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increased. In order to check if a phosphate increase has occured in the
surface water, all available PO4 values from the surface water of the Central
Basin have been plotted in Fig. 57. The values are rather scattered because
of the seasonal variations of the phosphate. During the summer period the
P04 values may decrease to zero because of the PO4 uptake by micro-organ-
isms in the surface water. During the winter the biological activity ceases and
only the bacterial decomposition of organic matter continues. Therefore the
PO: values increase in the surface water during the winter. The “fertiliza-
tions” of the surface water described by the author (Fonselius 1967) are
easily recognized in the figure through the unusually high PO4 values during
these occasions. These fertilizations always occur during the winter when
the thermocline disappears and the thermohaline convection reaches down
to the primary halocline (Fonselius loc. cit.). From the figure it can be seen
that the PO4 values in the surface water generally have increased from 1951
to 1968 but it is difficult to judge the exact amount of the increase.

Fig. 58 shows the development of the phosphate situation from the middle
of 1954 to the end of 1968 in the Landsort Deep. There are two clear “fer-
tilizations” of the surface water to be seen, one in 1962 and the second in
1966. It is also obvious that the concentration of phosphate is increasing-
in the deep water. The frequency of situations with high phosphate con-
centrations in the deep water are increasing and when hydrogen sulfide (as
has been shown in Fig. 36) is formed there, the concentrations will soon
exceed 4 pg-at/l.

During the September, 1968 “Skagerak” expedition total P and PO4-P
were analyzed at all standard depths on all stations visited. The expedition
started in Goteborg and ended in Pited in the Bothnian Bay. A total of 47
stations were worked. There has not been any other expedition in the Baltic
covering such a large area where both total P and PO4-P have been analyzed
simultaneously from the same sample. These results have been used for
computing mean values of total P, PO4-P and organic P for different parts
of the Baltic on different depths. The author is aware that there is some un-
certainty because the mean values do not cover all seasons, but it was not
possible to find more complete measurements. This was especially true in
the case of the Gulf of Bothnia. Fig. 59 shows the distribution of the phos-
phorus components in the different parts of the Baltic.

Four different water layers can be distinguished in the Baltic proper during
the summer. The surface water is divided in two layers — a warm surface
layer and below that a layer of cold winter surface water. These two layers
are also found in the Gulf of Bothnia. The warm surface layer contains
about 0.24 pg-at/l1 of total P in the Baltic proper. The amount is much
lower in the Gulf of Bothnia and is only about 0.11 pg-at/l. The amount of
inorganic P or PO4-P is in the whole surface layer only 0.05 pg-at/l. The
difference between total P and PO4-P is considered to be organic P. The
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Table I1l. Mean values for the phosphorus components in the
Baltic proper during 1968.

Water type Total P p.g-at/l PO4-P ng-at/l  Organic P ng-at/l
Surface water ... 0.45 0.16 0.25
Deep water 2.37 2.22 0.15
Stagnant water ... 5.19 4.64 0.51

amount of organic P in the surface layer of the Baltic proper is 0.19 [xg-at/1.
In the surface layer of the Gulf of Bothnia it is 0.06 pg-at/1. In the cold winter
surface water below the thermocline the amount of total P in the Baltic
proper is 0.34 pg-at/l. In the southern part of the Gulf of Bothnia, the Both-
nian Sea, the amount is 0.12 pg-at/1 and in the northern part, the Bothnian
Bay, it is 0.09 pg-at/1l. In the Baltic proper the corresponding concentrations
of PO4-P and organic P are 0.27 and 0.07 pg-at/1, respectively. In the Bothnian
Sea the concentrations are 0.10 and 0.02 pg-at/l. In the Bothnian Bay the
amount of PO4-P is 0.09 pg-at/1l or exactly the amount of total P. No organic
P could be found there as the amount is below the limits of the analytical
methods used for total P and PO4-P. Below the primary halocline in the
Baltic proper the concentrations of total P, PO4-P and organic P are 1.71,
1.55 and 0.16 pg-at/l respectively. The corresponding values in the Bothnian
Sea are 0.43, 0.35 and 0.08 pg-at/1. In the Bothnian Bay no distinct halocline
could be found. In the stagnant water below the secondary halocline in the
Baltic proper the corresponding P values were 3.58 pg-at total P/l, 3.19 pg-at
PO4-P/l and 0.39 pg-at organic P/l. The extremely low primary production
in the Gulf of Bothnia is clearly demonstrated by these values. It was pointed
out above that these mean values are only valid for the summer season.

During 1968 four expeditions have been carried out with the “Skagerak”
in the Baltic. Two of them covered only the Baltic proper. The expeditions
were done during February, June, September and November. On all cruises
analyses of total P and PO4-P were performed at the main international sta-
tions. It has been possible to compute for the year crude mean values for
the phosphorus components in the Baltic proper from these measurements.
These, mean values are listed in table III.

It is a well-known fact that phosphate accumulates in the deep water of
staghant basins. This process has been described by Richards in several
papers (Richards et al. 1956, Richards 1965, Richards et al. 1965). In the
Baltic this process was studied by the author (Fgnsetius 1962, 1967). A con-
stant relation should exist between the amount of phosphate accumulated
in the basin and oxygen utilization (Richards op. cit.). Sinking dead organic
matter is oxidized to simpler compounds and its final form is as simple
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inorganic compounds such as; carbon dioxide, ammonia, nitrogen, phos-
phate etc. Richards also gives the relation Apparent Oxygen Utilization
(AOU) : P. It is 276: 1 expressed as atoms. It has been shown earlier by the
author (Fonselius 1962, 1967) that this relation is not relevant for the con-
ditions in the Baltic. The AOU there is about 550 atoms of oxygen per
1 atom of PO4-P. (The utilization of oxygen from the NC>3~-ions has been
omitted here because ammonia was not measured during the expeditions.
This effect has been studied later by Sen Gupta (1967)). Since phosphate
seems to be the limiting nutrient salt for the primary production in the Baltic
(Fonselius 1967), this probably means that the organisms in the Baltic
survive with only half the amount of phosphorus normal for organisms in the
open ocean. Strickland (1960) claims that a phosphorus deficiency may
develop in marine phytoplankton when the phosphate content of the sur-
rounding water is low and that this is especially likely if nitrate is present in
the water in excess. In this way cells of the organisms may have only 20 %
of the normal value of phosphorus present. This may be the reason for the
unusually high AOU : P ratio in the Baltic water where the phosphate con-
tent of the surface water is extremely low.

On some occasions there appeared to be a nitrate deficiency too in the
Baltic surface water. Several intercalibration trials in the Baltic area (Butler
1967) have shown that the methods used are too uncertain to give reliable
results with respect to the nitrate deficiency. In the best case, the inter-
calibration trial at Copenhagen in 1966, the standard deviation was *+
15.5 %. Many of the results which show zero nitrate concentration in the
Baltic may be ascribable to analytical difficulties. According to Sit1En (1966)
the nitrogen cycle in sea water, especially the transformation processes in
the surface water which regulate the amount of nitrate are not well under-
stood. Nitrogen at thermodynamical equilibrium should exist in sea water
almost completely as nitrate ions. Organisms may also partly use ammonia
as a nitrogen source instead of nitrate (Redfield et al. 1963). It is difficult
to judge if a real nitrogen deficiency exists in the surface water of the Baltic.

During stagnant conditions, however, the Baltic bottom water contains
several times too much phosphate in comparison with the AOU. The relation
AOU :P is then about 22 : 1 (Fonselius 1967). The reasons for this phos-
phate accumulation will be discussed in chapter IX.

If one looks at the phosphorus conditions in the central part of Skagerack
one finds that this water contains about 1 ng-at PO4-P/I at a salinity of about
35 °/oo. Fig. 60 shows the phosphorus components at the station M6 in the
deepest part of Skagerack south of the Norwegian coast. In the deepest part
where the salinity is close to 35 %0 the PO4-P concentration is 1 pg-at/1 and
the total P concentration about 1.25 pg-at/1. Unfortunately no measurements
of total P in the Kattegat close to the Belts have been made except some
series from the “Kullen” station in September and November 1968. This sta-
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M 6

26.4.1968
Tot. P, P04-P
Org.P jjg-at/l

Tot. P

P04-p / Fig. 60. The distribution of the phosphorus

components at station M 6 in the Skage-
rack in April 1968.

tion is located in the outflowing Baltic current and so does not give much
information about the P-content of the inflowing water. If it is assumed
that the Skagerack water normally contains 1.25 pg-at total P/1 at a salinity
of 35 %o, it is possible to compute the amount of P annually brought into the
Baltic with the bottom current. To do so itis necessary to know the phosphorus
concentration of the outflowing Baltic surface water. The mean value of the
total P between 0 and 10 m at station S 12 (the Arkona Deep) measured
during four expeditions in 1968 was 0.39 pg-at/1. This value is assumed to be
representative for the outflowing water.

Kullenberg (1968) states that 2/3 of the inflowing water is Baltic water
and only 1/3 is Skagerack water. Brogmus (1952) gives the amount of in-
flowing water to be 471 km3/year. This means that 1.25XI1/3X471X1012 +
0.39 X 2/3 X471X1012 pg-at or about 9900 tons of P is annually added to the
Baltic deep water. A total of 942 km3 water flows out from the Baltic annually
(Brogmus loc. cit.). Two-thirds of this water actually leaves the Baltic mixed
with Skagerack water and one-third is recirculated. As was mentioned above
this water returns with the inflowing water below the halocline. Actually
942 km3 water leaves the surface layer of the Baltic. The concentration of
total P was 0.39 pg-at/l there and 0.39X942X 1012 pg-at or about 11400 tons
of P annually leaves the Baltic surface layer. The excess of phosphorus in
the outgoing surface current is about 1500 tons/year. It must be stressed that
these values can only be viewed as approximate as long as no continuous
daily measurements of total P are carried out in the Belts.

Fedosov and Zaitsev (1959) have estimated the amount of phosphorus
brought to the Baltic with river water. They reported the value to be 3472
tons/year. The author arrived at a similar result (Fonselius 1967) by using
the chemical denudation values given by VIiRO (1953) for Finland. These
values give the amount of natural P in river water. The phosphorus released
through human activity has to be added to this amount and it is assumed
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to be 3400 tons. Voipio (1968) estimated the amount of P in Finnish rivers
including phosphorus from sewage systems to be about 20 pg P/1. He sug-
gested that this value is valid for all rivers discharging in the Baltic. This
seems to be too high an estimate. There is no evidence for instance that the
Neva river contains such high amounts of phosphorus. The Neva is the
largest river which discharges into the Baltic and it supplies 18 °/o of the
river water to the Baltic. P values as high as those suggested by Voipio
would probably be detected in the surface water of the Gulf of Finland.
Koroleff (pers. comm.) claims no phosphorus contamination from the
Neva river can be detected in the Gulf of Finland. It may be more realistic
to calculate with a lower mean value for phosphorus in river water such as
15 pg/l. This value would give about 7100 tons of P/year for the whole
Baltic. Odén arrived at a similar value (pers. comm.).

It is extremely difficult to estimate the amounts of phosphorus released
through sewage outlets. The amount of P in urban sewage water was accor-
ding to “Miljovardsforskning” (Rexed et al. 1967) 1.5 g/person and day
some 10 years ago in Sweden. Now it has increased to about 4 g/person and
day. It is not easy to estimate the total amount of phosphorus discharged
into the Baltic from these numbers. Only densely populated communities
have sewage systems. In many cases the sewage is treated in sedimentation
basins before it is released into the sea and through this process a part of the
phosphorus is removed. The main reason for increased phosphorus values is
the increasing use of synthetic detergents containing polyphosphates by
households. It is not known if this is a trend in all countries around the
Baltic. The use of synthetic detergents may not be as common in other
countries as in Sweden.

In the present paper the amount of P released with river water is con-
sidered to be 15 pg/l or 7100 tons/year. The amount of phosphorus in
precipitation over the surface of the Baltic amounts to 3000 tons/year (Odén,
pers. comm.). The annual addition of phosphorus to the Baltic then amounts
to 9900 + 7100 + 3000 = 20,000 tons. The annual loss will be 11,400 tons. It
was shown earlier that 1/3 of the outflowing water returns with the in-
flowing deep current. Accordingly 3800 tons of phosphorus is recirculated.
This amount should be subtracted from both incoming and outgoing phos-
phorus. The amounts will then be 16,200 respectively 7600 tons of P. The
difference, 8600 tons is annually added to the Baltic. Most of this phosphorus
is included in the biological life cycles in the water. Finally it is deposited
in the bottom sediments. According to Bushinski (1964) almost all dissolved
phosphorus which is brought to the sea by rivers is immediately assimilated
by the plankton and finally sedimented to the bottom. Very little is carried
away into the deeper parts of the basin. This means that a biological filtering
of the phosphorus takes place. If this were not true, the phosphorus content
of the Baltic would continuously rise by several thousand tons per year.
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Table IV. Phosphorus Balance of the Baltic in Tons/Year.

P added to the Baltic water P removed from the Baltic water
6100 7600
In river water..........cccooeeoeeeeeeeveereen. 7100 To the sediments 8600
3000
TOotal o 16200 Total..iciiee 16200

Table 1V shows the phosphorus balance of the Baltic when it is assumed that
the excess phosphorus is added to the sediments.

A large part of the phosphorus coming in through the Danish sounds is
orthophosphate. The organic P will almost completely be oxidized to phos-
phate in the Baltic deep water. All this phosphate has to be absorbed in the
bottom sediments or it has to be brought up into the surface water because
there hardly is any primary production in the Baltic deep water.

It has been mentioned earlier (chapter Il) that there is a certain mixing
of water through the halocline which keeps the salinities of the deep water
and the surface water at relatively constant levels. A rough calculation of
this mixing can easily be made. Fig. 61 shows a “box model” of the Baltic.
The halocline divides the Baltic into two boxes — a surface water box and
a deep water box. Brogmus (1952) says the annual precipitation almost exactly
equals the evaporation and for this reason they may be disregarded in the
model. The annual river discharge is 471 kma3, the inflow from Kattegat is

Box model of the Baltic.

V.=942 km'

1= 765 km'

x=1236 km'

Fig. 61. A box model of the Baltic showing the water exchange through the halocline and
the water balance of the Baltic.
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also 471 km3 and the outflow through the Danish sounds is 942 km3 (Brog-
mus loc. cit.). The salinity of the Baltic surface water is roughly 7 %o and the
salinity of the deep water is supposed to be 11 °/oo. The mean salinity of the
incoming bottom current in the Belts is 17.5 %0 (Kullenberg 1968). The
river discharge is called V0, the outgoing current Vi and the incoming current
V2. The amount of water mixed up through the halocline is marked X and
the water mixed down is marked Y. The salinity of the surface water is a,
the salinity of the deep water is b and the salinity of the incoming water in
the Belts is ¢c. The mixing through the halocline may be computed from the
formulas:

1) V0+X=VI+Y
2) aY +cV2=bX

Using the above mentioned values: V0=471 km3, Vi=942 km3, V2=471
km3, a=7 °/oo, b=11 %0 and c=17.5 °/oo. The use of these values in the for-
mulas gives:

X=1236 kma3/year
Y =765 kma3/year

If a similar “box model” is used where the stagnant water is included as
an additional box below the deep water box it is possible to construct a more
complete phosphorus balance for the Baltic. Fig. 62 shows this balance

Fig. 62. A box model of the Baltic showing the phosphorus balance and the supply of
oxygen to the deep water.
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model for the Baltic. The amounts of phosphorus transported in and out
from the Baltic were calculated earlier and are listed in table IV. The mean
concentrations of phosphorus in the different water masses are given in
table Il1. If these concentrations and the above calculated volumes of water
mixing through the halocline are used the amounts of phosphorus brought
up and mixed down through the halocline can be computed. Upmixing is
2.37 X1236 X1012 pg-at or 90,800 tons/year and downmixing is 0.45 X 765 X
X1012 pg-at or 10,700 tons/year.

If the amount brought in to the deep water from the ocean is supposed to
take part in this mixing the amount of phosphorus sinking through the
halocline as particulate organic and inorganic matter is 90,800 —9900 —
-10,700 = 70,200 tons.

Most probably relatively small amounts of suspended particulate inorganic
phosphorus are transported down into the deep basins in the Baltic proper,
(Bushinski 1964) ; it may be assumed that at least 50 % of the sinking
material arriving at the deep basins is organic P (see table 111). About 40,000
tons of organic P is brought down into the deep water through the halocline
if the total transport is 80,000 tons/year. In addition about 10,000 tons are
added through the Belts. If it is assumed that 50 % of the material is
organic P then the total annual organic P would be: 40,000 + 5000 = 45,000
tons. This is 1452 X101z pg-at. Earlier it has been shown that the AOU is
550:1 in relation to released POs-P in the Baltic (Fonselius 1967). This
means that 550 atoms of oxygen are needed in order to release 1 atom of
POs-P from organic matter. The amount of oxygen needed for 1452 X101
pg-at of organic bound P is 798,600X1012 pg-at. The oxygen supply to the
deep water may be computed. From available oxygen data it can be judged
that the inflowing bottom water contains about 5 ml O2/I. Then the oxygen
supply from the ocean will be 471X5X1012 ml/year =2360X1012 ml. It
appears from the oxygen concentration above the halocline that the maxi-
mum amount of O2 mixed down through the halocline is about 7.5 ml/l.
Annually 765X7.5X1012 or 5740 X102 ml are mixed down. The total supply
of oxygen to the deep water is then 720,000/pg-at/year. If all organic P
brought to the deep water were oxidized, the amount of oxygen needed for
this is a little higher than the actual oxygen supply. This may explain the
increasing oxygen deficit in the deep water. The values used are rough mean
values but it is clear that small changes in the oxygen supply or in the
phosphorus balance may influence the whole oxygen balance in the Baltic
deep water. This may happen if the oxygen supply decreases through an
increased stability of the halocline or if the phosphorus supply is increased
through dissolution from the sediments or through increased waste disposal.

The amount of phosphorus in the different boxes have been calculated
using the volumes of the boxes computed from table Il. From Fig. 53 it was
shown that the POs-P of the deep water had increased almost 3 times in
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about 14 years. If the increase of the whole deep water body is assumed
to be 3 times the value 10 years ago the amount released from the sedi-
ments in the stagnant basins may be roughly computed: 2/3X200.700X 1/10
= 17,700 tons/year. This is the amount leaving the stagnant basins; a great
part is also accumulated in the water of the basins. The accumulated amount
is at present about 78,000 tons (see Fig. 62).



VIIlI. On silicate and the relation between silicate
and phosphorus in the Baltic

It was noted earlier that the high silicate concentration in the Baltic is
mainly due to the runoff. This has been investigated by Voipio (1961). He
found that most of the silicate was brought to the Gulf of Bothnia with water
from Swedish and Finnish rivers. The silicate is transported to the river
water through weathering processes. It usually exists in fresh water as un-
dissociated ortho-silicate but it can also exist as colloidal silicon or alumino-
silicate ions. The silicate content increases towards the east. The water along
the Baltic and German coast has low silicate concentrations. According to
VIRO (1953), who analyzed the silicon content of Finnish rivers, the con-
centration is highest during the spring floods. The main component of the
increase is suspended silicon.

Silicate may be regarded as a nutrient salt and is used by such organisms
as diatoms as the main element in their shells. The biological activity of
these algae removes silicate from the water. The opposite occurs in stagnant
water where this salt is accumulated through the death and sinking of the
diatoms (Fonselius 1962). The processes of decay and dissolution set free a
part of the silicate but another large part is enclosed in the sediments.

Silicate analyses were carried out during the “Skagerak” expedition in Sep-
tember, 1968. The analyses were done according to Strickland and Par-
sons' technique (1965). The method was slightly modified for the condi-
tions in the Baltic. The amount of sample water was decreased to 10 ml and
the amounts of reagents were decreased proportionally. The colour was
allowed to develop at least 4 hours and was measured in 1 cm cuvettes
using a Hitachi Perkin-Elmer spectrophotometer. All reagents were added
with Krogh-type automatic syringes.

The relation PO4-P :Si has been plotted in Fig. 63 for the September
expedition. The samples containing Kattegat water fall on line 1. The values
below the line indicate mixing with Baltic water. These values are from
surface water above the halocline. The samples from the Baltic proper fall
on line 2. Close to the bottom of stagnant basins the PO4-P values increase
proportionally more than the silicate values. For this reason the line turns
upward here. There does not seem to be any difference between surface
water and deep water in the Baltic proper, except in stagnant basins. The
samples from the Baltic proper are marked with crosses. The encircled
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dots are deep water samples from the southern Baltic proper. The reason
for the proportionally low POs-P values there is not clear. The samples from
the Gulf of Bothnia fall on line 3. They are marked as open circles. Samples
influenced by water from the Baltic proper, e.g. water close to the bottom
in the deeper parts of the Bothnian Sea, fall above the line. The equations
for the lines are:

1. Kattegat water P =0.047XSi—0.064 or Si= 1.35+ 21.1XP
2. Baltic proper water P=0.041 XSi—0.47 orSi=115 + 24.4XP
3. Gulf of Bothnia water P=0.010X.Si—0.14 or Si=14.0 +100 XP

If it is assumed that the average salinities of the inflowing Kattegat water,
the surface water of the Baltic proper and the surface water of the Gulf of
Bothnia are 17.5 %>0, 7 °/oo and 5 %o respectively, it can be shown that the
silicate content of the Baltic proper is regulated by the silicate concentra-
tions of the Kattegat water and the Gulf of Bothnia water:

5X + 17.5(1 —X) =7; X=0.8
(Si)B=0.8X 14+ 0.2X1.35; (Si)B=11.5

The good agreement with the observed value in the Baltic proper is sur-
prising. The reason may be that a part of the surface water from the Baltic
proper is mixed into the surface water of the Gulf of Bothnia. This is caused
by the counterclockwise current system of the Baltic surface water (PALMEN
1930).

The curves in Fig. 63 show that phosphate and silicate are not accumu-
lated in the stagnant bottom water in the same manner. The phosphate
begins to increase when H2S appears in the water, probably through dis-
solution from the bottom sediments. A similar dissolution of silicate does not
seem to occur.

It can be seen that the water from the Baltic proper contains propor-
tionally more silicate than the water from Kattegat; the water from the Gulf
of Bothnia contains the most silicate. The reason for this is that the river
water discharging into the Gulf of Bothnia contains the highest concentra-
tions of silicate.



IX. On the exchange of nutrients between
water and sediments

Normal sea water contains dissolved oxygen and is an oxidizing environ-
ment. Sitlén (1961) has introduced to oceanography the conception pE,
which is analogous to pH. It expresses the concentration of electrons in a
solution in the same way pH expresses the hydrogen ion concentration. Thus
pE is the negative logarithm of the electron concentration. Sea water has
usually a pE of about 12,5 and a pH of about 8.2. The surface water of the
Baltic is like normal sea water in this respect. In the deep water of the Baltic
the oxygen concentration decreases rapidly downwards but the environment
remains oxidizing as long as there is dissolved oxygen present in the water
and no H2S has been formed. The pH of the Baltic deep water may decrease
to values a little below 7 because of the increasing amount of carbon dioxide
formed. When H2S appears in the water and the last traces of O2 disappear a
drastic change immediately occurs in the pE of the water. The environment
becomes reducing and the pE decreases to negative values around —3.8 (Sen
Gupta 1969). The pH of the water changes only negligibly. It increases
slightly when the H2S concentration increases. The change may be about
0.2—0.3 pH units. This increase is probably because of the protolytic effect
of the HS* ions present in the water.

The surface layers of the sediments can be reducing long before the over-
lying water has lost its oxygen. Sediment samples often smell of H2S even
when the bottom water contains oxygen. In this case H2S is oxidized at the
sediment surface. Because the sediment itself is reducing, many sedimented
substances may be transformed there into soluble form. In contact with
interstitial water these substances will migrate up to the sediment surface.
Manheim (1961) has investigated the chemical composition of stagnant
sediments in the Baltic. He analyzed manganese nodules and suggested that
these had grown on the surface of reducing sediments. Under reducing condi-
tions minerals were dissolved in the interstitial water of the sediments. These
minerals migrated to the surface of the sediment. When brought into contact
with the oxygen-containing water above the sediment surface the minerals
were again oxidized. The oxidized minerals could precipitate on suitable
nuclei forming nodules. If the conditions in the water above the sediment
are reducing conditions, then the minerals will remain in solution.

The properties of minerals and especially of nutrient salts have been
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studied by Einsele (1938), Mortimer (1941, 1942) and Hayes (1964).
Mortimer has closely studied the mud-water interface both in nature in
fresh water lakes and in a laboratory tank during oxidizing and reducing
conditions. He observed that as long as oxygen was present in the water and
'the mud surface was oxidizing, inorganic nutrients were removed from the
water phase and absorbed into the mud surface. Under these conditions iron
was in the ferric form as Fe(OH)3 and was precipitated from the water in
colloidal form. Phosphate and silicate were absorbed by the mud also. The
iron was observed partly to form phosphate salts. Einsele (1938) states that
phosphorus coprecipitates with ferric hydroxide in the relation Fe:P=7:1.
When the iron in the sediment is reduced and transformed to FeS because of
the effect of excess H2S, the phosphate is redissolved. It returns once more
to the water phase and may be transported up from the sediments. There are
two conditions under which the iron may be redissolved. If it comes into
contact with oxygen again it may be transformed to hydroxide. If no oxygen
is present, but only small amounts of H2S and an excess of CO2, then ferrous
bicarbonate may be formed and this reaction may be expressed as:

FeS + 2 H2CO03==Fe (HCO03)2+ H2S

The ferric hydroxide may dissolve in the same manner:
2Fe(0OH)3+ H,S+4C02=2Fe(HCO03)2 + S-fH20

When the supply of oxygen in Mortimer’s (1942) laboratory experiment
was cut off by sealing the tank, the redox potential began to decrease. When
all oxygen had disappeared from the water, nutrient salts began to dissolve
from the mud surface. The whole system became reducing and Fe was
transferred into ferrous form and it dissolved into the water. The P and Si
concentrations increased enormously in the water phase. If sulfate was
present in the water it was reduced to H2S and Fe was precipitated as FeS.
Mortimer observed the same phenomenon in fresh water lakes when the
oxygen disappeared from the water.

Hayes (1964) made similar observations. He noted that organic matter
which is present in sediments will decompose into inorganic form and can
produce phosphate if oxygen is present in the sediments. If the pH of the
sediment is between 5 and 7 this phosphate will be retained in the sediment.
Sediments will also absorbe phosphate from the overlying water if oxidizing
conditions exist and especially if iron is present. The maximum uptake
occurs at pH 6 and it decreases only slightly with increasing pH. During
oxidizing conditions the iron is in ferric form. During reducing conditions
phosphate is released from the sediments. The iron is reduced to ferrous state
and is released from the sediment. If H2S is present it will be precipitated
again as ferrous sulfide. It is this reaction which gives stagnant sediments
their black colour.
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The solubility product of FeS is much higher than that of Fe(OH)3 and for
this reason the amount of soluble iron increases when water becomes
stagnant and contains H2S (Richards et al. 1965). At room temperature the
solubility products in distilled water are: FeS=10~19 and Fe(OH)3=10“36
(Hagg 1946). Richards calculated the apparent solubility product of FeS in
Lake Nitinat to be 2.3 X10“ll. Koroteff (1968 b) has measured iron con-
centrations in the Baltic. He calculated the apparent solubility product of
FeS in the Baltic to be 1.1 X10~18 The author measured Fe in the Gotland
Deep and the Faro Deep in May, 1967. Fig. 64 shows the distribution of
dissolved Fe and the other hydrographic factors in the two Deeps at that
time. A renewal of the bottom water had just begun in the Gotland Deep and
oxygen containing water was found below the stagnant H2S containing
water. This renewal is described in chapter IV. The concentration of dis-
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solved Fe was very high in the stagnant water. It was about 2 pg-at/l in the
Gotland Deep and about 1 pg-at/1 in the Faro Deep. These values are higher
than the values reported by Koroleff in the Gotland basin (1968 b). The
reason may be that dissolved humus has been extracted together with the
iron by the organic solvent used (Koroleff 1968 b). This possibility has
not been accounted for in the technique used (Strickland et al. 1965). There
may also be other reasons for the higher values. The filtering of FeS espe-
cially in dilute solutions, is not an easy task and some sulfide might have
passed through the filter. Koroleff used a coprecipitation method in which
the Fe was coprecipitated with Mg(OH)2 Error in the calculation of the
concentration of the dissolved Fe may occur because the forms in which iron
occur in sea water are not well-known. There may be organic iron complexes
which are not coprecipitated with hydroxides. Richards et al. (1965) report
more than 10 times higher particulate iron concentrations than dissolved
iron values in Lake Nitinat. Koroleff's (1968 b) values of total Fe are of
the same order of magnitude as the dissolved Fe values; in this case the
particulate Fe is only a small fraction of the dissolved Fe. More investiga-
tions are clearly needed in this field.

Ca has been found to be dissolved in the deep water of the Baltic (Gripen-
rerg 1937). In an earlier paper the author discusses the dissolution of Ca
from the bottom sediments in detail (Fonselius 1967). It has been suggested
by Sitten (1961) that a calcium compound, calcium phosphate, is dissolved
from the sediments at the ocean bottom. It may be that Fe as well as calcium
phosphate is dissolved from the sediments of the Baltic whose brackish water
has the properties of both lake and sea water.

The dissolution of Ca is probably related to the lowering of the pH of the
water below the halocline in the Baltic and not to the reducing conditions of
the stagnant water. It is not clear whether the relation between the pH and
the PO4-P concentration in the Baltic is significant (Fonselius 1967). This
relation is shown in Fig. 65 in which pH and PO4-P values from the “Skage-
rak's” expedition in the Gotland Basin in February, 1967 are used. The PO4-P
values are plotted on a logarithmic scale and the pH values on a linear scale.
The open circles in the upper left corner of the diagram are from the
stagnant H2S containing bottom water. The increase of pH with increasing
POA4-P values (and also H2S values) in the stagnant water is clearly demon-
strated. This increase is mainly ascribable to the protolythic effect of the
HS- ions.

In a previous paper (Fonselius 1967) the author has discussed the reasons
why the phosphate content of the stagnant Baltic water is higher than the
phosphate content of the Cariaco Trench and the Black Sea and suggested
that low pH and temperature caused a dissolution of phosphate in the Baltic.
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Fig. 65. The relation PO4-P: pH in the Gotland Basin in February, 1967. The PO4-P is on
a logarithmic scale the pH on a linear scale.
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There may be another reason for the high phosphate content of the
stagnant water in the Baltic. Under normal conditions phosphorus is accumu-
lated in the bottom sediments (Mortimer 1942) and under stagnant condi-
tions phosphate is released from the sediments. Phosphate concentrations
up to 14 pg-at/l have been recorded in the stagnant water of the Baltic. It is
surprising that phosphate values as high as this have not been observed in the
Black Sea which has been stagnant for almost 6000 years (Zenkevitch 1963).
The highest values reported from the Black Sea are around 9 pg-at/l. In the
course of such a long period the sediments close to the sediment surface may
have lost all soluble phosphate. Phosphate which comes from decaying matter
increases very slowly in stagnant water where the oxygen needed for the
oxidation is supplied through bacterial processes. For this reason there may
be only a very small and gradual supply of phosphate to the deep water. The
Baltic is only stagnant for short periods and every time the deep water is
renewed and oxidizing conditions exist, new phosphate is absorbed into the
sediment surface. It is because of these renewal periods that soluble phos-
phate is still present in the sediments. When conditions become reducing
again the phosphate concentration increases very quickly showing that phos-
phate is released from the sediment surface (Fonselius 1967).

Phosphorus conditions which illustrate some of the principles discussed
above can be mentioned here. Fig. 62 shows that the phosphorus content of
the bottom current from the Kattegat is relatively high and that a fast
absorption of phosphate into the sediments can occur during oxidizing condi-
tions. The incoming bottom current in the Bosporus has a very low phos-
phorus content because the Mediterranean water has an extremely low phos-
phorus content.

In conclusion alternating oxidizing and reducing periods may be viewed
as the reason for the high phosphate values in the bottom water of the Baltic
during stagnant conditions.



X. Conclusions and discussion

The narrow and shallow connections with the ocean through the Belts and
the Oresund and the high runoff are responsible for the ionic anomalies of
the water in the Baltic. The climatic conditions in Northern Europe con-
tribute also to the positive water balance in the Baltic. The positive water
balance produces two water layers, a surface layer with a low salinity and a
deep water layer with a higher salinity, separated by a permanent halocline.
The halocline acts as a barrier and impedes the mixing of the water layers
and the exchange of dissolved matter between them. Very little oxygen can
be transported from the well aerated surface water down into the deep water
through the halocline. The oxygen of the deep water is exhausted through
oxidation processes. This results in a permanent oxygen deficit in the deep
water.

The Baltic consists of a series of deep basins separated by sills. The topo-
graphy of the Baltic forces the inflowing ocean water to pass through the
different deep basins in a counterclockwise movement around Gotland. The
shallow sill between the Baltic proper and the Gulf of Bothnia prevents
greater amounts of heavy bottom water from passing into the Gulf of
Bothnia. No permanent halocline has developed there except close to the
bottom of the Bothnian Sea. A deep narrow channel through the sill allows
small amounts of deep water from the Baltic proper to stream down into the
Aland Sea and along the bottom of the Bothnian Sea. A weak halocline seems
to prevent thermohaline convection down to the bottom in these areas.
Stagnant conditions develop in some of the deep basins of the Baltic proper.
All oxygen may then be exhausted and H2S formed in the bottom water.

The only effective renewal of the deep water occurs through inflow of
oxygen-rich water with a relatively high salinity from Kattegat. Occasionally
greater inflows caused by special meteorological conditions may occur. These
inflows can completely renew the stagnant bottom water of the deep basins.
The new water is unable to renew the stagnant bottom water if it does not
have a higher density than the old water.

Incoming water which renews the stagnant water may remain in the deep
basin for such a long time that it in its turn eventually loses it oxygen and
stagnates. If the stagnant water acquires a very high density, inflowing
water of lower density fails to renew the stagnant water because it passes
over the basin through an intermediate layer and leaves the bottom water
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undisturbed. Once a body of water becomes stagnant the condition tends to
perpetuate itself and even worsen because when an inflow of new, aerated
water does occur its oxygen quickly reacts with H2S and so anoxic conditions
develop shortly. At present the situation in the Baltic appears to be that
oxygen conditions in the whole deep water body are deteriorating and that
one deep water basin after another is loosing its oxygen and stagnating.

There is a connection between this oxygen decrease and a salinity increase
in the Baltic which has occured during the present century. (This connection
is particularly clear for the deep stations in the northern Baltic proper). The
reasons for the salinity increase are: the decreased runoff to the Baltic from
the rivers which discharge into it; the decreased water exchange through the
Danish sounds and the increased intensity of the bottom current in the Belts
and Kattegat. Meteorological factors are responsible for these phenomena.

The stability of the halocline has been increased by the greater salinity.
This diminishes the water and oxygen exchange through the halocline. The
exchange of water will be about 10 I/m2/day or counted as oxygen 70 ml/m2/
day. Even though the little exchange that does take place is much greater
than the exchange through the Danish sounds, the exchange through the
halocline is significant because it affects the whole Baltic proper. Small
decreases in the oxygen supply can cause anoxic conditions in the deep water
if the decrease continues over a long period. There are some long period
variations in the runoff but the trend indicates a general decrease for the 20th
century. The present salinity and oxygen conditions are possibly similar to
the conditions during the middle of the 19th century.

There has been an accumulation of phosphorus in the Baltic deep water.
This trend has been noted for the 15 years in which phosphate has been
reqgularly measured there. The increasing oxygen deficit in the Baltic in-
creases the accumulation of dissolved phosphorus in the deep water because
the formation of H2S creates reducing conditions which cause phosphate to
be released from the bottom sediments. The low pH of the deep water causes
a dissolution of phosphate from inorganic particulate matter containing
phosphorus as well. A noteable example of this process occurs with apatite.
Another reason for the increasing phosphorus values may be that there is a
great amount of phosphorus in sewage water which is emptied into the Baltic
from communities and industries.

There is a phosphorus deficit in the Baltic’s surface water. One reason for
this deficit is the fact that the river water that flows into this area has low
concentrations of phosphate. Also the halocline impedes the mixing of the
surface water with the deep water which is rich in phosphate. The surface
water is occasionally “fertilized” by “upwelling” of phosphate from the deep
water. “Fertilizations” are caused by salt water inflows from Kattegat and
normal turbulence and diffusion through the halocline. The increasing phos-
phorus values of the deep water are eventually reflected in the surface water
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whose phosphorus concentration increases because of the “fertilizations”.
The release of sewage directly to the surface water also brings about an
increase in the phosphorus concentration there. This greater amount of phos-
phorus increases organic production in the surface layer because phosphorus
seems to be one of the limiting nutrients for primary production in the Baltic.

Increased primary production implies an increased number of dead
organisms in the surface water. The dead organic matter sinks to the deep
water and decays and through this process consumes oxygen in the deep
water. Increased phosphorus concentrations in the surface water is in the
way just described related to an increased oxygen consumption in the deep
water.

In summary the oxygen deficit in the Baltic can be attributed to the
following:

1) The increased salinity which has increased the stability of the halocline
and has diminished the supply of oxygen to the deep water through the
halocline.

2) The increased amount of phosphorus in the Baltic which has increased
primary production and through this has increased the oxygen consump-
tion in the deep water.

The salinit}? increase is the primary reason for the oxygen deficit and the
phosphorus increase is the secondary reason. The secondary effect may have
been increased by the enormously increased waste disposal into the Baltic
during the 20th century.
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1. 1953.
2. 1953.

5. 1955.

6. 1955.
7. 1956.

13. 1962.

. 20. 1967.

. 23. 1969.

3.1954.
4.1954.

Reports from the Fishery Board of Sweden

Series Hydrography

Hydrographical observations on Swedish lightships in 1951.

Jerlov, N. G.,, Summer temperature and salinity at the Swedish lightship
“Fladen”.

Hydrographical observations on Swedish lightshipsin 1952.
Hydrographical observations on Swedish lightshipsin 1953.

Medelvéarden av temperatur och salthalt vid svenska fyrskepp 1923—1952.
(Monthly average values of hydrographical observations on Swedish light-
ships 1923—1952.)

Hydrographical observations on Swedish lightships in 1954.
Koczy, F. F., Korrektion av djupbestdmning med ekolod.

8.1956.
9.1957.
10.1958.
11.1959.
12.1961.

14.1962.
15.1963.
16.1964.
17.1965.

Hydrographical observations
Hydrographical observations
Hydrographical observations
Hydrographical observations
Hydrographical observations

on Swedish lightships in 1955.
on Swedish lightships in 1956.
on Swedish lightships in 1957.
on Swedish lightships in 1958.
on Swedish lightships in 1959.

Fonselius, S. H., Hydrography of the Baltic Deep Basins.

Hydrographical observations
Hydrographical observations
Hydrographical observations
Hydrographical observations

on Swedish lightships in 1960.
on Swedish lightships in 1961.
on Swedish lightships in 1962.
on Swedish lightships in 1963.

18.1966.
19.1967.

21.1968.
22.1969.

Hydrographical observations on Swedish lightships and fjord stations in 1964.
Hydrographical observations on Swedish lightships and fjord stations in 1965.
Fonselius, S. H., Hydrography of the Baltic Deep Basins II.
Hydrographical observations on Swedish lightships and fjord stations in 1966.
Hydrographical observations on Swedish lightships and fjord stations in 1967.
Fonselius, S. H., Hydrography of the Baltic Deep Basins IlI.



