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PALEOREDOX CONDITIONS IN THE EASTERN GOTLAND
BASIN DURING THE RECENT CENTURIES

Rolf 0. Hallberg
Dept. of Geology, University of Stockholm, Box 6801, 113 86 Stockholm, Swe4en.

A sediment core from the Eastern Godand Basin has been analysed for Cu,
Mo and Zn. The (Cu + Mo) -to-Zn rado is shown to be a valid paleoredox
indieator for the bottom water and sediment surface. This trace element ratio
agrees well with the values for oxygen concentration and salinity recorded
for the hottom water of the same area during the lst 50 years. The ratio
indieates that the redox eonditions have fluetuated widely during earlier
periods. An attempt is made to relate the redox indieator with paleoelimatie
variations during the last 400 years.

The 46-cm-long sediment core described in this paper was taken during a eruise
with the Finnish R/V Manda in 1971. This core is one of several taken at the same
time and place, elose to the Baltie hydrographic station F 81. The other eores were
used för dating, redox measurements and different types of ehemical analyses (cf.
Niemistö and Voipio, 1974). The sampling station is situated on the eastern fiank
of the Eastern Gotland Basin at a water depth of 225 m (Fig. 1).

The direction of the bottom eurrent in this area is mainly from south to north.
The redox conditions in the sediment surface (—. 15 mm) are mainly dependent on
the oxygen eontent of the bottom water. The oxygen eontent of the bottom water,
on the other hand, is dependent on the residence time of the water mass and the
supply of oxygen-consuming material to the area. The oxygen concentration of the
water will inerease when new water penetrates into the basin from the south. Marine
water with Mgher salinities than normal Baltie water enters the Baltic basins from
the Kattegat at irregular intervais, ultimately depending on meteorological factors.

Henee, the redox conditions in the sediment surfaee and bottom water have
ehanged several times during the last 400 years (cf. Ignatius, Niemistö and Voipio,
1971).

The aim of this investigation was to find a trace element index in the sediment
which eould be used as a paleoredox indicator of past conditidns in the sediment
surfaee and bottom water. The sediment is stratified in very thin Iayers distinguishable
in the eore as differently colored bands. However, owing to diagenetie processes
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Fig. 1. Sampling station in the Gotland Basin.
The arrow indicates the direction of the bottom
eurrent, Bathymetric data from Flodfn and Bes
kow (unpubi.).

occurring in the sediment after deposition, it is not possihle to use this banding
as a redox criterion (Hallberg, 1972). The banding is probahly the resuit of the
uneven distribution of organic matter, which has led to variations in the intensity
of the microbial suifate reduction, thus blackening the sediment at certain organic-rich
leveis.

MET HODS

The sediment core was taken with an apparatus deseribed by Niemistö (1969 and 1974). By
means of a speeial deviee (Niemistö, 1969), the eore xvas eut into slices with a thiekness of 2 mm
and stored in plasdc hotties. The bands distinguishable in the eore were Iess than 2 mm thick,
hut it was not possihle to sample each hand, The tediment slices were dried in an oven at 105°C,
The dried sampies were treated with 5 M HNO3 for about 12 hours at room temperature and for
one hour on a steam bath. The aeid mixture was washed thoroughly with distilled water and filtered
(Millipore, 0.45 t). After Eitration the yellow solution was diluted with deionized water to ahout
50 g. The weight of the solution xvas estimated to the second decimal place. Copper, aine and
molyhdenum were determined with a Unicam atomic-absorption apparatus and their coneentrations
caleulated in ppm dry weight. The analyses were performed at the following wavelengths (nm)i
325 (Cu), 214 (Zn) and 313 (Mo). In each analysis the standards were rerun after every fourth sample.



5

DIAGENESIS OF THE SEDIMENT

The production of hydrogen suifide in the sediment 15 determined by the activity
of the sulfate-reducing bacteria, which need utilizable organic matter for their growth
and muhiplication. A large supply of organic matter causes high production of
hydrogen suifide in the sediment. The hydrogen suifide reacts with heavy metais
in the bottom water or the sediment, forming authigenic metal suifides. Since these
sulfides have a low solubiity product they become fixed ja the sediment. Thus, at
a high hydrogen suifide production the heavy metal concentration in the sediment
may be expected to increase. TMs is true as Iong as anoxk conditions prevail iii

the bottom water. However, when interpreting trace metal concentrations in black
fossil layers, we must take into consideration that these concentrations may he
created ira two different ways, depending on whether the bottom water was anoxic
or oxic during the deposition of the sediment. Under oxygenated conditions, dia
genetic processes may change the primary metal composition of the deposited
sediment.

When an oxidized layer 15 buried by continuous sedimentation, it will gradually
become deficient in oxygen, owing to oxygen consumption by the endofauna and
the difficulty for new oxygen to diifuse into the sediment. Consequently, reducing
conditions will become predominant in the subsurface part of the sediment and
sulfidation of the oxidized layer will take place. When organic matter 15 decomposed
under reducing conditions, there 15 a release of orgaffic compounds which may
enhance the formation of metal chelates. Hydrogen sulfide reacts very rapidly with
the metais, wMle the chelating agents are able to diifuse from the area of hydrogen
suifide production because of the lack of metais in the immediate proximity of the
H2S zone in the sediment. It is thus probable that the diifusion front of the chelating
agents is ahead of the hydrogen suifide diifusion front. Diifusion in the sediment
will, therefore, serve as an important factor for the separation of trace metais between
the hydrogen suifide and the chelating compounds. If a metal-chelating compound
has an upward diifusion rate in the sediment which is greater than that of H2S,
we can expect the chelated metal to he withdrawn from the H2S zone, an to enter
to a greater or lesser extent into a mineral cycle above the redoxcline (Hallberg,
1972), ira which it is precipitated, embedded, dissolved, chelated, transported and
precipitated again (Fig. 2).

As sedimentation progresses, it wiIl be possible for the metais to become con
centrated ja the uppermost layer of the sediment, as they cannot be trapped and
fixed as suifides during the development of the sediment. The chelating ability is
different for different metais and some metais may consequently become more
concentrated than others. In general, however, we have to he very careful when
using metal concentrations per se as paleoecological indicators. They may he more
indicative of the diagenetic processes ja the sediment, than of the conditions ira
the ancient bottom water.
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Fig. 2. The cycle of chelated heavy metais
abbve the redoxdllne.

Cii-TO-Zn RATIO AS A PALEOECOLOGICAL INDICATOR

In view of the processes described above, anoxic and oxic environments may be
assumed to produce deposits with different metal compositions, so that they can
be traced in both recent and fossil sediments.

In ecological studies of sampies from different places with different metal sources,
the quandties of metal must he given equivalent »weights». Thus for ecological
purposes the interrelationships of the metais are of greater interest than the mere
quantities.

An attempt has been made to find metals, the ratio of which could serve as mi
indicator of the redox state of ancient bottom water. Because of differences in the
solubility products of copper and aine sulfides, the precipitation of Cu is favoured
far more than that of Zn in a reduced environment. In an oxidized environment
Cu and Zn have about the same solubility (the soluble amounts in sea water are
4.7 x 109M for Cu2 and 1,5 x 105M for Zn2 (cf. Wedepohl, 1969). In a reduced
sediment with H2S in the bottom water the Cu-to-Zn ratio can therefore be expected
to increase. If they were precipitated in an oxidized environment that was sulfidized
later, the ratio between the two metais would depend on the solubility products in
the oxidizing environment and later he affected by chelating prosesses. Some figures
are given for such chelates and Cu appears to have a far greater tendency to be

Cu/Zn

Fig. 3. Cu-to-Zn ratio of a sedimeot before
(o) and after (.) a redox turoover (analyses

made on ao off shore Baltic sedimeot).
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chelated than Zn (Orgel, 1960). The Cu-to-Zn ratio in a fossil layer that was first

oxidized but later reduced can, therefore;’ be expected to deerease.

It is thus prohable that the Cu-to-Zn ratio in a sediment may refiect the redox

conditions of the ancient environment, increasing under reduced conditions and

decreasing under oxygenated conditions. Theoretically, the Cu-to-Zn ratio has been

shown to be a valid environmental indicator (Hallberg, 1972). Manheim (1961) has

demonstrated in one of his geochemical profiles from the Baltic how Cu and Zn be

have in a reduced basin. The Cu-to-Zn ratio increases markedly in the severely re

duced sediments at great water depths, becoming greater than unity. On the conti

nental shelf in and around Walvis Bay, South West Mrica, there is an increase in the

Cu-to-Zn ratio towards the deeper and more H2S-rich regions (Calvert and Price,

1970). Unfortunately, no redox values are given for the sediment sampies. Modern

sediments have been investigated in situ when an oxidizing environment was trans

formed to a reducing one under controlled conditions in a closed system (Hallberg

ei aL, 1972). The Cu-to-Zn ratio increased in the uppermost centimeters above the

redoxcline of the sediment when oxidizing conditions prevailed in the bottom

water (Fig. 3). When reducing conditions had been established in the system, copper

vas leached from the sediment, giving rise to a vertical profile of the Cu-to-Zn ratio

that showed no significant variation in the uppermost part of the sediment (Fig. 3).

The Ieached copper was not precipitated again as, for example, copper suifide,

probably hecause the closed system technique did not permit the production of

sufficient quantities of hydrogen suifide.

MOLYBDENUM AS A PALEOECOLOGICAL INDICATOR

Molybdenum, like copper, is significantlytmore abundant in severely reduced

environments than other metais. It has been found to be concentrated only in the

deeper, reduced basins of fjords (Gross, 1971). Gross did not find any correlation

between Mo and total carbon in the sediment but found a good correlation with

the redox potential. Curtis (1966), on the other hand, suggested that a good correlation

existed between Mo and total carbon, This may, however, he only an apparent

correlation explained by the real correlation Eetween the redox potential and total

carbon. As the deeper parts of a basin generally contain more organic matter than

the rest of the hasin the deeper parts ;vill be reduced first and, therefore, this correlation

is readily understood.

THE (Cu + Mo) -TO-Zn RATIO

In view of the above observations, the Cu-to-Zn ratio appears to be a good

indicator of ancient redox conditions. Since Mo is a good indicator of reducing

conditions, it has been added to the Cu-to-Zn ratio. The ratio (Cu + Mo)-to-Zn



Sample
nr.

1.
2.
3.
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

57 51
58 61
59 56
60 51
61 51
62 53
63 61
64 49
65 54
66 66
67 52
68 55
69 59
70 69
71 57
72 57
73 59
74 64
75 63
76 49
77 51
78 50
79 58
80 52
81 51
82 47
83 45
84 48
85 55
86 49
87 55
88 45
89 50
90 43
91 54
92 50
93 53
94 65
95 58
96 61
97 63
98 66
99 65

100 61
101 62
102 58
103 58
104 63
105 54
106 56
107 59
108 60
109 59
110 58
111 54
112 61

44 111
41 130
44 122
39 120
48 141
59 110
61 112
54 135
54 125
37 123
30 131
29 189
52 119
78 141
55 136
43 131
46 116
44 99
37 127
63 92
62 107
50 100
45 116
48 118
50 109
52 104
50 96
48 114
36 123
23 120
29 109
19 117
30 118
41 114
32 125
19 120
21 133
19 133
26 127
26 134
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TABLE 1. The content (ppm) of Cu, Mo and Zn in the sediment core from the
Eastern Godand Basin. The subsamples have been taken with 2 mm intervais.

Cu Mo Zn
Smp1e

43 46

Cu Mo Zn

80
75

107
117
108
159
124

74
69
44
53
70
60
56
48
65
54
68
61
$0
70
60
50
6$
70
48
39
54
50
47
28
41
43
25
49

125
43
50
48
45
36
64
70
38
48
47
29
53
57
61
56
50
53
49
51

278
28 478
26 516
45 536

116 553
106 529
138 639
124 511

41 414
31 404
52 213
— 361
— 357
— 360
— 300
— 309
— 315
46 313
60 329
54 317
79 285
— 271
62 254
13 224
22 225
— 221
— 149
— 172
32 151
— 184
— 155
— 90
— 151
— 171
— 136
— 163
— 524
— 133
— 141
— 139
— 130
— 142
— 167
— 131
— 136
— 137
— 144
— 107
— 155
— 127
— 144
— 123
27 129
26 134
35 130
44 1 107

23
31
36
41
40
52
47
48
31
15
45
49
46
46
49
34

130
144
135
131
135
120
132
123
128
121
121
133
141
130
130
137



TABLE 1. (cont.)
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Samplc Sampie
Cu Mo Zn Cu Mo Znnr. nr.

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
14•/
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

51
49
52
50
50
54
49
81
63
71
47
47
57
49
55
53
59
61
48
64
66
65
64
73
67
72
54
60
55
66

107
106
128
114

65
66
75
67
75
77
99
91

114
108

72
76
88
74
68
71
48
66
62
45
58
75

44
46
49
30
40
54
63
84
94
87
56
53
54
41
27
61
45
48
71
62

88
74

120
178
137
98
41
39
19
40
48

244
213

68
29
52
55
51
68

154
136
163
195

98
133
258

91
38
52
38
40
38
48
49
87

135
113
132
135
137
136
117
138
126
151
108
125
111
107
115
135
122
125
134
121
192
124
147
147
125
111
114
107
130
143
176
168
182
135

79
132
159
141
132
135
157
143
147
164
153
141
116
110
111
115
112
119

94
95

110
111

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

40
49
54
54
41
47
79
89
78

100
91
88
69
71
77
91

107
92
80
70
75
85
79
82

108
98
91
97
76
84
87

115
106

71
85

111
151
123
183
214
174
166
143
100

46
147
119
151
180
152
135
109
114
126
147

68
80
54
56

46
55
70
71

118
105
102

96
95

104
179
332
248
159
114
119

87

145
222
273
289
213
181
132
179
200

156
194
177
240
270
461
395
345
295
220
209
107
338
329
411
615
462
355
270
369
371
436

101
118
115
100
101
124
136
134
110
104
183
134
138
131
129
154
180
148
140
120
149
123
159
123
177
182
146
143
132
136
124
149
178
163
113
144
138
119
107
128
165
136
136
144

41
154
135
159
176
167
155
113
128
132
156

2 19912—73
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ppm

may be expected to be an even better indicator than the Cu-to-Zn ratio of the redox
conditions in the uppermost layer of the ancient sediments, increasing under reducing
conditions and decreasing under oxidizing conditions. The contents of each of
these three metais in a sediment core from the Eastern Gotland Basin are shown
as graphs in Table 1 and fig. 4. The concentrations of Cu and Mo decrease markedly
from the bottom towards the top of the core. No likely explanation to the phenome
non can yet he given. Zn does not change very much below about 80 mm ftom the
top of the core, Äbove that level, wbich approximately corresponds to the year 1935
(see Fig. 4), the zinc content increases significantly towards the top. This increase
of zinc, wMch is indicated by a dashed line in Fig. 4, can only be explained by a
heavier load of the metal over the Eastern Gotland Basin during the last decades
and is probably caused by pollution.

The ratio 1? (Cu + Mo)/Zn of the sediment core is presented in Fig. 5. The
uppermost 130 mm of the core corresponds approximately to the 2Oth century.
The graph has some peaks in this part of the core which deserve further examination.
The dates written beside some individual peaks were obtained from age determinations
made with Pb21° and P0210 (cf. Niemistö and Voipio, 1974). Because of the thickness
of the sediment slices, the material of each analysis corresponds to a period of about

fig. 4. Variation of Zn, Cu and Mo contents in the sediment core. Note the increasc
of Zn, indicated by a dashed line, in the uppermost part of the graph.
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Fig. 5. Variation of R = on the
Zn

sediment core. Redox changes observed in
the bottom water coincide with changes in
the R values ao indicated by dates written
beside the profile in the uppermost part of
the graph (see text). The mean values for the

Pb°°° dating are given ja the right margin.

two years, except in the uppermost part of the core, where it corresponds to a shorter

period. for the uppermost slices it is even Iess than one year. It should lie noted

that in general the determinations are average values for periods during which

the redox conditions may have changed considerably.
In about 1920 a marked oxidation of the sediment started (1? decreases from 0.6

to 0.25). TMs can only lie explained by the transport of oxygenated bottom water
to the basin. Ä corresponding increase in salinity could lie expected, and high salinity
values, were reported by Soskin (1963) at the beginning of the 1920’s. According
to the graph in Fig. 5, the inffow of new water into the Baltic over the Danish siis
started some years earlier (cf. fonseius and Rattanasen, 1970), but this cannot be
verified with light-ship records, ao such data are missing for these years. Ä negative
redox turnover (from oxidizing to reducing conditions) took place between 1927
and 1931, which means that, at the end of this period, we can expect reducing con
ditions in the basin with the consequent occurrence of hydrogen suifide in the bottom
water (1? = 0.55).
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TMs stagnation period is confirmed by salinity data (Fonselius and Rattanasen,
1970) and the presence of hydrogen suifide in 1931 (Granqvist, 1932).

In 1933 an exchange of the bottom water took place in the Eastern Gotland
Basin and oxygenated conditions again prevailed (Kalle, 1943).

This is indicated by a decrease in 1? from 0.55 to 0.25 (see Fig. 5). Fonselius
(1969) has pointed out that general stability decreased in the Gotland Deep during
the Second World War.

It is, however, difficult to draw conclusions about the chemical conditions in
the basin between 1941 and 1947 because of the lack of data (Hela, 1966). However,
a second stagnation period seems to have ceased at around the end of the war and
conditions again became more oxidizing.

In view of the mechanism of these redox changes, the better oxygen conditions
can he explained only by an infiow of new bottom water. This may not have taken
place as a continuous fiow but as several smaller infiows, the total effect of which
was recorded as a change in the redox conditions of the uppermost sedimentary
layer, Finally, a very large inflow occurred in November—December 1951 (Wyrtki,
1954), when more than 200 km3 of marine water ftom the Kattegat penetrated into
the Baltic basins. This infiow of oxgenated water gave rise to oxidizing conditions
in the sediment surface (R = 0.22) followed by a new redox turnover during the
succeeding stagnation period, which lasted till about 1961 (R = 0.55) (cf. Figs. 5
and 6). The salinity of the bottom water decreased continuously during this period.

Oxygen measurements were carried out until the value zero was recorded at the
beginning of 1958 (Fonselius and Rattanasen, 1970). Unfortunately no data for
H2S are available for the period 1958—1961 but the smell of H3S was noticed from
bottom water samples in 1958 (Engström, pers. commun. in Fonselius, 1962).

The later fiuctuations in the redox conditions of the bottom water and corre
sponding variations in the salinity of the water mass below 200 m can also be followed
in the graph showing the (Cu ± Mo)-to-Zn ratio (Fig. 6). After the reducing
conditions of 1961 (A in Fig. 6) an infiow of oxgenated, salme water took place
(B in Fig. 6). The oxygenated conditions lasted till 1966 (D in Fig. 6) with the
exception of a short period of reducing conditions (C in Fig. 6) during 1963, wMch
cannot he identified in the 1? values. After 1966 a new negative redox turnover
occurred, which lasted till 1969 (E and G in Fig. 6). The short oxygenated period
during 1967 (F in Fig. 6) is also visible in the R values. A new inflow of oxygenated
water took place at the end of 1969 (H in Fig. 6). TMs inflow is easily disdnguishable
in the 1? values because the sediment slices represent shorter periods in the uppermost
part of the core, thus making the sampling more frequent for that period.

The size of the inflows of oxygenated water after 1961 have been such that they
have affected the redox con&tions only temporarily. It appears that nowadays
reducing conditions are very rapidly re-established lii the basin after each new imflow
of more salme water. One reason for this may he the small size of the inflows, wffich
contribute only small amounts of oxygen. Another reason may he the increasing
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pollution of the Baltic, as decomposable organic matter is the main cause of oxygen
consumption and production of hydrogen suifide.

The graph in Fig. 5 shows that there has also been an alternation between oxidizing
and reducing conditions in the Gotland Basin in earlier centuries. The fluctuations
in R seem to have had a greater ampiitude during the l7th and lSth centuries than
during the 20th century. In the Iower half of the core, where the sediment thickness
per time unit is supposed to he the same throughout the time sequence, cycles can
be distinguished lii the flucmations. The duration of these cycles can he calculated
to he approximately 20 years.

The graph in Fig. 5 has been schematized and compared with the data of Dans
gaard (1970), which show the cold and warm periods in Greenland (Fig. 7). These
data, obtained from investigations of the oxygen isotopes of an ice core, may be

1-

0
0) w
>% >%

Fig. 7. Oxidizing/reducing and cold/warm fluctuations during the Iast 400 years. The
oxidiaing/reducing graph is a simplificadon nE the graph in Fig. 5. The cold/warm graph
is Erotti Dansgaard (1970) and based on oxygen isotope the data were uneertain hecause

parts of the core were missing (cf. Dansgaard, 1970).
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representative of the Baltic region, too. The graph in Fig. 7 illustrates meteorological

fluctuations which may probably govern the conditions in the Baltic basins, too.

A reladon is visible between warm periods and reducing conditions of the bottom

water. This relation is more evident in the younger than in the oider part of the cores,

probably owing to the difficulty of dating the oider parts. However, in view of

the difficulty of accurate dating and the uncertainty involved in correlating a Baltic

sediment core with an ice core from Greenland, it is possible that the relation is in

fact quite the opposite.

CONCLUSIONS

The (Cu + Mo)-to-Zn ratio is shown to be a reliable and useful indicator of

the redox state of recent and ancient sediments. Further studies will include computer

simulations, using data from submarine iii silti experiments in the Baltic.
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STUDIES ON THE RECENT SEDIMENTS IN THE
GOTLAND DEEP

Lauri Niemistö and Aarno Voipio

Institute of Marine Research, 00141 Helsinki, Finland

Cores of recent sediments collected in 1970 and 1971 in the Gotland deep
area in the Baltic Sea were dated hy three independent methods. The contents
of total carhon, nitrogen and phosphoms, carbonate carbon, iron, manganese,
calcium and magnesium as well as the redox potential were determined on
subsamples with a thickness of 8 mm.
In addition to the subsamples representing sedimentation during the last
few years the sediments from the lGth and l7th centuries also had very high
eoncentrations of organic carbon. The manganese concentrations varied from
0.3 to 11.6 % of dry sediment. The fluctuations of hoth total nitrogen and
manganese paralleled those of total carbon. The highest correlation of the
suhstanees studied was found between manganese and carbonate carhon.
The variation of the total phosphorus coneentration (0.1 % of dry sediment)
was very amail except in the uppermost few samples and was not in correladon
with the variation of irnn.
The variation of the total earhon eontent with time and ks relation to the
elimatie fluctuations are shortly discussed.

The Gotland Deep is a broad, fiat-bottomed basin with gentle siopes and it has
a central Iocation in the Baltic Sea. Thus rather optimal conditions exist in the Deep
for the development of a continuous, undisturbed sedimentary sequence. The scarcity
or total absence of a bottom-stirring macrofauna is also an advantage in this respect.

However, the thickness of the layer representing post-Litorina sedimentation
in the Gotland Basin varies Iocally even in the deepest parts of the basin (depth
greater than 230 m), as aiready observed by Ignatius ei al. (1971). The differences
in the rate of sedimentation have been attributed to Iocal differences in the hydro
dynamic processes near the bottom, such as uneven penetration of new water. For
instance, Voipio and Mälkiri (1972) have pointed out that the inflowing water masses
advance in tongues, as can be seen from the irregular distribution of oxygen along
a transverse section in the Gotland Deep area.

We must therefore bear in mmd that cores taken from slightly different localities
may represent surprisingly different sedimentation rates. Fortunately, the quality

3 19912—73
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Fig. 1. Echogram (Atias DESO) from the Godand Deep. The acoustic reflection near the
Ancylus-Litorina (A—L) interface is clearly discerned.

of the sediment layers changes markedly near the Ancylus-Litorina border and
this discountinuity may be observed with any appfopriate sounder (cf. Fig. 1).
Thus careful echo-sounding permits the location of sediment lieds which correspond
to each other not onlyin the succession of the different stratabut also in the thicknesses
of the various Iayers.

In two preliminary reports we have shortly described our results regarding the
variation of the redox pötential in the sediments deposited during the last few hundred
years in the Gotland Deep (Voipio, 1970; Ignatius et at., 1971). The relatively good
reproducibility of the redox data encouraged us to study sorne other properties
of the Gotland Deep sediments.

EXPE RIME NTÄL

The sediment cores were taken near the station F 81 on July 27, 1970 and July 1, 1971, at the

positions 570 21’ N, 20° 10.5’ E. and 57° 22’ N. 20° 05’ E., respectively, frorn localities giving cor
responding echo-soundings for the water depth and the thickness of the post-Litorina sediment
layer.
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The sediment sampies were taken with a gravity eorer deserihed hy Niemistö (1969 and 1974).
Only the eores with an undisturbed sediment-water interfaee were used for further examination.
Even when the water phase above the sediment was only slighdy turbid the sample was disearded.
The degree of possihle disturhanee deeper down in the eore was not studied regularly, but in opened
eores no signffieant disturhanees eould he observed.

The sediment eore was eut into 8 mm subsamples, whieh were stored in plexiglass sheets until
redox measurements were made. The subaampies were then dropped into Petri diahes and kept in
a deep-freeze (—28°C).

The water eontent was determined from the frozen subaampies, whieh were brought to room
temperature hefore drying at 105°C. The material was ground by hand with an agate piston and
mortar and stored in amail stopped test tubes.

Total earbon and nitrogen analyses were performed with a CHN Analyrer (Hewlett-Paekard,
F & M 185).

In the gravimetrie earhonate earbon determination earhon dioxide was liberated witb hydro
ehlorie aeid and absorbed in soda aahestos.

Manganese was determined with the instrumental aedvation analysis at the Reaetor Laboratory,
State Teehnieal Researeh Centre, Otaniemi, Finland.

In the analyses for iron, ealcium and magnesium, dried sediment material was fused with
anhydrous sodium earbonate and the melt was dissolved in hydroehlorie aeid. Iron was determined
speetrophotometrically (Beekman, B) with 2,4,6-tripyridyl-S- triazine (TPTZ) aeeording to Collins
and Diehi (1960) and ealeium and magnesium with an atomie absorption speetrophotometer (Unieam,
SP 90), the interferenee of silieon and some other elements being eliminated hy the addition of
lanthanum ehloride. Toini phosphorus was determined after oxidation of the dried sample with
aeid potassium persuiphate solution aeeording to Koroieff (1970).

DATJNG OF SAMPLES

The first approximative dating of the sediment sampies was based on the fact
that the longest cores, representing the post-Litorina sedimentation (7 000 years B.P.)
obtained by Finnish marine geologists in the smdy area were some 5 or 7 m. Therefore
we assumed that the mean sedimentation rate is of the order of 1 mm/year for the
part of the eore in which a steady state of compaction has been reaehed.

Assuming that the annual deposition of sediment (given as sedimenting dry
matter or with the aid of some other function related to the volume of depositing
suspended matter) is eonstant, the relative thiekness of the annual layers above the
level at whieh the steady state is reaehed can be calculated frorn the water content
of the sediment sampies.

A rather typical water eontent below the core depths of sorne 200 mm seems to
he about 75 per cent. In the deeper layers the water content may inerease again,
whieh ja evidently caused by the relative increase of the organic matter fraction
in the sediment (cf. Fig. 5). Disregarding the faet that the organie fraetion also in
ereases near the sediment surface, we used a water content of 75 per cent when eal
culating the relative thiekness of the annual Iayers in the uppermost part of our
eores. The dating obtained in this way is shown in Table 1.
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TÄBLE 1. The results. The two first columns give the number of the subsamples in the 1970

from the sediment water interface. Dating 1 is based on the redox potential variations and the dry
give the contents of dry matter, total carbon, carbonate carbon, total nitrogen, phosphorus, iron

magoesium were determined from the 1971 subsamples only. Excluding the dry matter content

the mean value of the redox poten

N:o of sampfe Depth Dating 100—H,o/% tot C/% C0,.CJ%

mm
1970 1971 1 2 1970 1971 1970 1971 1970 1971

1 4 1971 5,0 9.z
2 12 5.9 9.7 1.7

1 3 20 1970 5.1 6.6 8.1 7.9 1.1
4 28 1969 8.9 5.8 1.2

2 5 36 1967—68 8.1 13.9 5.8 6.1 2.2

3 6 44 1961—66 9,8 17.4 6.0 5.6 1.1 2.1
4 7 52 1956—60 1962 13.7 17.1 5.5 6.2 0.8 1.8
5 8 60 1950—55 1952 16.1 18.2 5.4 5.7 0.4 1.2
6 9 68 1945—49 1949 17.0 19,2 5,9 5.4 0.9 0.6
7 10 76 1938—44 1934 19.5 18.8 4.9 4.5 0.9 0.8

8 11 84 1931—37 1921 20.2 20,3 4.1 4.3 0.1 0.5
9 12 92 1925—30 1922 20,2 20.7 4.2 4.7 0,3 0.7

10 13 100 1918—24 1910 20.5 19.o 4,3 4.4 0,4 0.8
11 14 108 1911—17 20.8 20,1 4.2 4.2 0.9 0.3
12 15 116 1904—10 1897 21.2 22.4 4,1 4.5 0.2 1.o

13 16 124 1897—03 21.0 21.5 4.1 4.2 0.7 0,7
14 17 132 1890—96 1903 23.3 20,3 3.8 4.1 0.o 0.4
15 18 140 1883—89 22.8 21.4 3.9 4.5 0.4 1.1
16 19 148 1875—82 1883 22.8 22.3 4.0 4,6 0.s 0.8
17 20 156 1868—74 23,5 23.6 4.2 4.4 0.6 0.5

18 21 164 1860—67 1857 23.6 22.5 4.2 4.5 0.5 0.9
19 22 172 1853—59 23.1 22.3 4.2 4.5 0.s 0.4
20 23 180 1845—52 1857 23.8 21.6 4.2 4.6 0.3 0.8
21 24 188 1837—44 24.7 21.7 4.4 5.5 0.s 1.5
22 25 196 1829—36 24.9 20.8 4.6 5.0 0,s 0.7

23 26 204 1821—28 23.6 29.3 4.8 5.5 0.8 1.8
24 27 212 1813—20 23.7 27.7 4.7 4.1 0,7 0.6
25 28 220 1805—12 26.3 28.3 3.7 4.1 0.o 0.5
26 29 228 1797—04 25.5 27.6 3.7 4.2 0.o 0.7
27 30 236 1789—96 25.6 26.2 3,8 4,3 0,1 0.4

28 31 244 1781—88 24.5 23.6 4.4 4.9 0.6 0.8
29 32 252 1773—80 24.4 22.6 4.8 5.1 0.8 1.7
30 33 260 1766—72 23.0 21.8 5,2 6.1 1.1 2.1

34 268 1758—65 22.0 6.1 1.s
35 276 1750—57 21.7 5.4 0.9

36 284 1742—49 25.4 6,2 1.3
31 37 292 1734—41 25.3 24.0 6.3 5.9 1,5 1.7
32 38 300 1726—33 26.8 22.4 5,5 5.4 1,1 0.9
33 39 308 1718—25 27,8 21,3 5,2 5,2 0.4 0.6
34 40 316 1710—17 23.6 23.3 5.0 5.& 0,9 1.4

35 41 324 1702—09 23.0 23.1 5.1 5,5 0,3 0.9
36 42 332 1694—01 25.4 21.6 5.5 6.6 1.0 1,7
37 43 340 1686—93 25,9 22.2 6.4 7,1 1,3 1.9
38 44 348 1678—85 23.6 22.2 7.1 7.2 2.3 1.1
39 45 356 1670—77 20.2 25.1 7,8 7.4 2.3 2.5



21

and 1971 cores, respectively. The third column gives the mean depth of the 1971 subsamples calculated
matter content of the subsamples, whule dating 2 refers to the Iead-210 ages. The subsequent columns
and manganese in subsamples both from the 1970 and 1971 cores. The contents of calcium and
the concentrations are expressed in percentages of the dry matter. The last but one column gives
tial measurements from both cores.

tot N/% tot P/% Fe/% Mn/% Ca/% Mgf%
1971 1971 Eh/mV

1970 1971 1970 1 1971 1970 1971 1970 1971

0.83 0.45 3.6 8.7 3.1 1.6 —141
0.94 0.23 4.3 7.1 2.7 1.3 —122

0.84 0.77 0.46 0.15 3.5 5.8 7.3 5.2 1.8 1.5 —102
0.57 0.10 5.1 4.4 1.9 1.4 —140

0.61 0.48 0.09 0.10 5.4 4.0 2.2 7.4 2.6 1.2 —154

0.56 0.42 0.09 0.09 4.3 3.8 3.7 6.7 3.1 1.4 —159
0.46 0.48 0.09 0.09 3.7 4.6 3.7 5.9 2.8 1.3 —152
0.51 0.46 0.09 0.lo 3.5 4.8 2.2 4.4 2.2 1.4 —136
0.46 0.41 0.10 0.10 4.1 4.3 4.9 5.0 2.0 1.4 —146
0.40 0.38 0.10 0.09 4.9 4.5 3.8 2.6 1.8 1.5 —140

0.41 0.40 0.09 0.09 4.8 4.8 1.3 1.8 1.8 1.6 —164
0.39 0.42 0.11 0.io 4.8 4.0 2.2 2.5 2.2 1.4 —146
0.42 0.40 0.10 0.10 4.1 5.1 2.0 2.8 1.6 1.5 —144
0.40 0.43 0.10 0.09 3.7 5.3 2.4 1.7 1.1 1.1 —156
0.45 0.42 0.08 0.09 4.5 4.3 1.4 3.2 1.8 1.5 —163

0.45 0.41 0.09 0.10 4.5 4.6 1.8 2.6 1.2 1.5 —15$
0.42 0.45 0.08 0.10 4.9 5.7 1.2 1.8 1.1 1.4 —139
0.44 0.44 0.09 0.12 4.8 4.7 1.4 3.4 1.7 1.5 —157
0.45 0.46 0.10 0.09 5.1 4.8 1.9 2.9 1.6 1.4 —173
0.47 0.43 0.09 0.io 4.6 4.4 2.1 2.4 1.2 1.4 —146

0.45 0.45 0.09 0.09 4.7 4.9 2.1 2.1 1.2 1.6 —172
0.44 0.46 0.08 0.10 4.5 5.1 2.1 1.8 1.9 1.7 —177
0.46 0.41 0.08 0.io 4.5 5.9 1.3 2.9 1.4 1.5 —177
0.47 0.45 0.09 0.10 5.0 5.2 1.6 4.4 2.7 1.7 —194
0.48 0.45 0.09 0.10 5.2 4.5 1.8 3.0 2.0 1.6 —175

0.45 0.42 0.09 0.09 5.1 4.7 3.2 5.7 2.4 1.4 —183
0.42 0.38 0.09 0.08 4.4 5.7 3.4 4.3 1.6 2.1 —179
0.41 0.40 0.08 0.08 5.2 4.7 1.2 2.2 1.7 1.6 —176
0.42 0.40 0.08 0.09 5.4 5.1 0.7 2.3 1.0 1.5 —181
0.44 0.45 0.08 0.09 5.1 5.4 0.6 1.6 1.7 1.6 —159

0.47 0.48 0.09 0.10 5.0 4.3 2.1 2.6 2.1 1.6 —167
0.49 0.51 0.09 0.09 5.5 4.2 2.7 2.9 1.2 1.5 —174
0.49 0.53 0.09 0.09 4.4 5.1 4.2 5.4 1.9 1.3 —178

0.51 0.10 4.9 5.1 1.8 1.4 —191
0.51 0.10 5.0 3.s 1.6 1.5 —178

0.48 0.io 4.4 6.5 2.0 1.3 —168
0.48 0.47 0.09 0.11 4.3 4.2 7.6 5.4 2.4 1.5 —172
0.52 0.50 0.09 0.io 5.0 5.1 4.s 3.3 1.5 1.5 —192
0.59 0.53 0.08 0.09 4.6 5.2 1.5 2.1 1.3 1.6 —184
0.55 0.46 0.09 0.09 4.5 5.0 1.9 4.9 2.2 1.4 —154

0.5t 0.48 0.07 0.09 4.9 5.9 2.4 3.7 1.0 1.4 —177
0.54 0.50 0.08 0.io 5.6 4.9 3.3 5.5 2.1 1.4 —180
0.60 0.53 0.09 0.11 5.2 5.2 4.5 7.6 2.1 1.3 —180
0.54 0.53 0.10 0.10 4.6 5.1 8.o 7.8 2.7 1.3 —169
0.49 0.46 0.10 0.10 3.9 4.8 10.7 9.1 3.6 1.2 —191



22

TABLE 1.

Next, it was assumed that ali largerinfiows ofmore saiinewater and corresponding

increases in the oxygen content of the bottom water in the Gotland Deep are reflected

in the sediments, and can stifi be traced after a considerable time.

In this connectjon we shouid like to point out that there are two different mecha

nisms yielding anoxic sediments, i.e. sediments which are in a reducing condition

and show a negative redox potential (in respect to the normal hydrogen electrode).

The sediment may he deposited from an anoxic environment in the watef phase

or the sediment may contain organic material in such quandty that the microbial

decomposition processes exhaust the oxygen in the sediment. Therefore a negative

value of the sediment redox potential is not per se a sign of anoxic conditions of the

water phase from which the sediment has deposited. However, the variations in the

redox potential of the sediments resuiting from the combined effect of the two

mechanisms might give some clues to the aiternations of oxidated and reduced

periods occurring in the past.
Using the results of the dating of the sediment samples, we tried to relate the

known changes in sahnity to the observed changes in redox potential. The lower

curve in fig. 2 was arrived at by this procedure Qf. Ignatius et at. 1971). The salinity

- N:o ot sample Depth 0tiig 100—Ho/% tot C/%

.. 19.70 1571
mm

1 2 1970 1971 1970 1971 1970 1901

40
4

42

43
44
45
46
47

48
49
50
51

27.;
26.8

26.8

25.4
26.1
27.5
28,3
26.5

23.9
22.6
23.0
22.4

20.5

46
47
48
49
50

51
52
59
54
55

56
57.’.
58
59
60

61
62
63
64
65

66
67
68
69

364
372
380
388
396

404
412
420
42$
436

444
452
460
468
476

484
492
500
508
516

524
532
540
548

7.9
7.6

7.1

7.7
7.4
6.5
5.7
6.5

6,8
7.1

6,9
7.1

1662—69
1654— 61
1646—53
1638—45
1630—37

1622—29
1614—21
1606—13
1598—05
1590—97

1582—89
1574—81
1566—73
1558—65
1550—57

1542—49
1534—41
1526—33
1518—25
15 10—17

1502—09
1496—01
1488—95
1480—87

2.8
2.5

1,3

1.3
2.6
17
0.5
0.5

0.8
0.7
0.4
0.1

21.6
21.8
15.1
21.3
22.1

26,3
27.2
26.4
23.6
25.1

21.7
21.s
24.o
20.s
23.9

21.7
22.6
22.2
21.o
18.7

18.2
20,2
19,5
16,5

7.6
7.6

6.6
7.3
7.o

8.0
7.3
6.7
5.5
6.2

6.5
7.0

7.0

8.7
7.5

8.1
7,4
7.1

8,4
12.6

12.3
10,6
10,8

9,5

2.3
2.0
0.9
2.1
1.6

3,1

3,0

2.7
0.8
2.o

0.7
1.3
1,7
0.9
1,6

2.2
0.0
0.0
0.0
0.7

0,2
0.9
1,5
0,3
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tot N/% tot P/% FeI% Mn/% cq Mg/%
1971 1971 Eh/mV

1970 1971 1970 1971 1970 1971 1970 1071

0.57 0.61 0.11 0.10 4.7 5.3 9.7 6.4 3.0 1.4 —182
0.55 0.53 0.10 0.11 4.1 5.1 8.5 6.8 3.0 1.2 —186

0.62 0.09 5.3 3.2 1.7 1.4 —170
0.63 0.09 7.2 3.8 1.3 1.2 —150

0.62 0.63 0.09 0.11 5.3 5.7 5.8 5.8 2.2 1.2 —163

0.56 0.46 0.11 0.12 4.4 4.5 8.3 11.6 4.1 1.1 —144
0.53 0.40 0.10 0.13 4.7 5.1 8.1 10.3 3.9 1.2 —162
0.50 0.47 0.10 0.12 5.5 4.6 6.4 7.4 1.2 1.1 —167
0.56 0.50 0.09 0.09 5.6 6.5 2.6 3.3 3.7 1.7 —183
0.65 0.48 0,09 0.09 5.1 5.5 2.2 6.3 2.7 1.3 —230

0.57 0.10 4.9 2.6 0.8 1.3 —183
0.67 0.64 0.08 0.09 5.2 6.4 2.8 3.8 1.8 1.2 —179
0.73 0.54 0.08 0.11 6.8 5.4 3.1 6.2 2,4 1.3 —159
0.74 0.86 — 0.08 (6.5) 5.9 (2.0) 3.7 1.6 1.8 —170
0.74 0.62 0.08 0.10 6.3 6.5 0.3 6.0 2.5 1.3 —159

0.75 0.10 5.9 4.2 2.3 1.2 —163
0.75 0.08 7.9 1.9 2.7 1.4 —151
0.73 0.08 5.3 0.6 1.5 1.4 —147
0.86 0.08 6.2 0,6 1.0 1.3
1,14 0.12 5.2 2.8 2.9 1.3

1.25 0.09 6.2 0.5 2.1 1.4
0.99 0.11 5.9 3.5 2.1 1.3
0.95 0.14 5.3 5.4 2.9 1.3
0.92 0.08 6.3 1.4 1,6 1.1

values are taken from a report by Fonselius and Rattanasen (1970) and the redox
potential values are the means of our seties of measurements collected in 1969,
1970 and 1971.

When examining the curves, it should be borne in mmd that the salinity values
refer to the conditions prevailing at a certain point in time, while the redox potential
values obtained refer to sedimentation periods of several years. In addition, various
factors may cause slight ftuctuations in the annual sedimentation rate. Taking into
account the inaccuracies in the dating of sediment sampies, no perfect correlation
between the different curves can therefore be expected. Yet, in several cases a corre
lation between the salinity values and the redox values is evident. For instance,
during the stagnation periods 1922—1932 and 1952—1969 a significant decrease
in the redox potential is clearly discerned.

Since the publication of our preliminary reports, an independent dating procedure
for the most recent sediments (age less than a hudred years) has been developed,
based on the lead-210 content of the sampies.

Lead-210 is a natural radionuclide with a half-life of 22.0 years. Its circulation
in aqueous systems has been studied e.g. by Kauranen and Miettinen (1971) by
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measuring the alpha activity of the daughter product polonium-210. These authors
performed analyses on some bottom sediment sampies from the Baltic. These showed
an excess of lead-210 in relation to radium-226 (a predecessor along the radioactive
chain), evidently resulting from the deposition of »fallout» lead-210 on the bottom
together with particulute organic and inorganic material. These sediment cores,
also showed a small decrease of lead-210 content with depth, reflecdng the decay of
the radionudlide. However, the sediments in question were ptobably redeposited and
were thus unsuitable for dating purposes.

The method used by Koide et ah (1973) for dating deep sea sediments taken off
the coast of California is based on the same principle, bismuth-210, the beta active
daughter of lead-210 being measured.

The prerequisites of the application of the new method are that the ratio of
lead-210 to the mass of the sediment material at the time of sedimentation has been
constant, that the fraction of »unsupported» lead-210 in fresh sediments is signifi
cant and that the radioisotope, once settled, remains fixed in the sediment. These
conditions seem to the fulfilled in the Gotland Deep, as we can see from the

E h/mV

—100

—150

5/0/0,

13

12

11

1090 1900 1910 1920 1930 1940 1950 1960 1970

Fig. 2. Redox potential determined by us on the subsamples represenring
sedimentation during this century and variations of the salinity of the bottom
water of the Gotland Deep aeeording to Fonselius and Rattanasen (1971),
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Fig. 3. The coneentration of lead-210,
ts. the vertieally integrated dry mat

ter mass, (m). The two series measured
from the 1970 core are plotted with dots
and crosses, respectively and the two sub
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regularity ot the curve shown in Fig. 3. (Kauranen and Rosenberg, unpublis
hed results).

The large scatter of lead-210 concentrations in the uppermost two subsamples
of the sediment core is evidently caused by the fact that they represent sedimentation
during different seasons. Our samples were collected in July. We suppose that the
uppermost subsample represents the sedimentation during the preceding winter
and the next one deposition durin the summer one year before the sampling.

The material deposited during the winters most probably contains relatively
less autochthonous material than that deposited during the summers. These dif
ferences cannot be observed after some consolidation of the sediment, as the sub
sequent subsarnples represent sedimentation during several years.

In Fig. 4 the earlier dating results are compared with the results of Kauranen
and Rosenberg. From it we can see that the different datings are in fair agreement
with each other. The deviations are greatest in a part of the core representing the
sedimentation between, say, the years 1900 and 1930. The differences might he
connected with the fact that in this part of the core the content of organic material

J?fl 04

k\1

iN
iN

Deptb 1, s.d.m.nt/cm
4 3

1
000 200 300 400 20 40 50 80 100 120 140

1970 1000 1000

4 i9oi2—73



26

was clearly smaller than in the part deposited after 1940. Slightly higher concentrations
of organic carbon are also found in the subsamples representing the sedimentation
during the main part of last century.

REPRODUCIBILITY OF THE OBSERVÄTIONS

Fig. 5 shows the carbon and nitrogen determinations of two separate cores,
which were taken in 1970 and 1971. There are three fayers in the 1971 core which
are missing from the other one. Otherwise the reproducibility is satisfactory. The
carbon and nitrogen values of some surface sampies collected in 1930 by Gripenberg
(1934) agree well with our results dated to that time.

The absence of a certain layer or layers in the sediment cores is by no means
an unsusual phenomenon in the Baltic sea sediments. As mentioned earlier minor
differences in the sedimentation might be connected with the tongue- or finger
shaped inflow of new water into the Gotland basin. According to the experience
of finnish marine geologists, it is also possible for some layers to lie missed during
the coring (Ignatius, H., pers. comm.).
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THE CONTENT OF CARBON, NITROGEN AND PHOSPHORUS

An interesdng feature of the variations in the total carbon content of the sediment
sampies shown in Fig. 6, is that — besides the increase during recent years — Mgh
concentrations were recorded in the sampies representing the sedimentation during
the 16th and 17th centuries. This might indicate that the level ofbiological production
at that time xvas considerably higher than during th 19th century. It may also reflect
differences in the stage of decomposition reached by the organic material before
sedimentation. The possibility of periodicai differences in the transport of inorganic
depositing material must aiso he borne in mmd. However, it can hardiy expiain
ali the variation observed.

The significance of the increasing trend during the Iast few years cannot yet be
evaiuated, since microbiai processes are stiii going on in the uppermost layers. The
microbiai degradation may resuit in a decrease in the content of organic materiai
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followed by the vertical transport of carbon dioxide or perhaps even methane (and

nitrogen compounds) into the water phase.

The fraction of carbonate carbon in the sediment sampies was determined, too.

It varied from traces to some 3 per cent of the dry weight, i.e. it is about one quarter

or less of the total carbon content.

The variation of the total nitrogen content follows that of the total carbon rather

closely (see Fig. 5). Stili higher is the correlation between total nitrogen and organic

carbon (calculated as the difference between the total and carbonate carbon) (r1970

0.91 and r1971 = 0.95). The ratio of organic carbon to nitrogen varies from

6.6 to 11.6 (w/w) and the mean value is 9.0, i.e. the same as reported by Gripenberg

(1934). A great part of the observed variation of the C/N ratio is evidently caused

by analytical inaccuracies. The good agreement of our C/N ratio with that of Gripen

berg, and the very smaH increase found in this ratio with depth accord with the view

that the final mineralization of organic material in sediments is an extremely slow

process.
Unlike those of carbon and nitrogen the variations of the phosphorus content

are very small (0.07—0.14 per cent of dry weight) in the greater part of the core.

A clear increase of phosphorus was found only in the uppermost part. This increase

is at least in part soluhle phosphates from the interstitial water. It may be noted

that the iron content does not markedly increase in this top layer. It should also

be mentioned that the ratio of iron to phosphorus in the Gotland Deep sediments

with a negative redox potential does not diifer markedly from that observed in sedi

ments with positive redox potentiais (Voipio, 1969 and unpubi. data of this Institute).

Furthermore, the distribution of phosphorus indicates that minor amounts of phos

phorus deposited on the bottom can he permanently bound in the sediments even

if the redox potential of the sediments is negative. The fraction of phosphorus

bound in the sediment probably corresponds to the amount necessary to support

microbial activity, which evidently continues at least some time below the sediment

water interface.

THE CONTENT OF IRON AND MANGANESE

The variation of the iron content with depth in the sediment is much smaller

than that of manganese (Fig. 7). The concentration of 2.4 % of manganese reported

by Manheim (1961), for about the 20 uppermost centimetres oE a core taken in 1959

in the same area in the Gotland Deep, agrees well with our results for sampies dated

to 1959—1970, Manheim does not report the iron content of his sediment sample.

According to Garreis and Christ (1965), iron compounds can he expected to he

uniformly less soluhle in nature than the corresponding manganese compounds,

and the ferrous ion is more easily oxidized than the manganous ion under naturally
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occurring pH—Eh conditions. Thus, in a solution containing both metais inorganic
processes should always lead more readily to the precipitation of iron than to that
of manganese, unless the Mn/Fe ratio is vety high.

From these facts it follows that under anoxic conditions, the manganese content
of the deep water can rise significantly, whereas iron is deposited much more con
tinuously. We have also some direct ohservations indicating a clear increase in
the Mn/Pe ratio under reducing conditions in the Baltic Sea. Therefore we might
assume, as has aiready been suggested by Mr. Jukka Matinvesi in his M.Sc. thesis
(1970), that manganese is precipitated in greater amounts only when a stagnation
periods is interrupted by an infiow of new water rich in oxygen.

It can he seen from Fig. 6 that the changes in the manganese content and in
the redox potential often correspond to each other. However, these similarities are
by no means a conclusive confirmation of the above suggestion. Further, the con
clusions drawn below in the discussion about the variation of the sediment properties
with climatic fiuctuation cannot explain satisfactorily the great similarities in the
manganese and total carbon curves shown in Fig. 6. Therefore we conclude that
either manganese may he deposited together with organic material (iron-manganese

40

10

Fig. 7. The temporal variation of the contents of iron and manganese as percent
ages of dry matter and the ratio of iron to phosphorus (mean values for the 1970

and 1971 cores).
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bacteria?), Of redissolved manganese ions rnay be trapped in the layers rich iii organic
material perhaps owing to the presence of carbon dioxide supplied by continuing
bacterial activity.

The relatively great solubility of certain manganese cornpounds, especially under
anoxic conditions, gives us reason to suppose that manganese can be redistributed
in the sediment phase. Moreover, the highly significant correlations between
manganese and carbonate carbon, r1970 = 0.88 0.82, are difficult to interpret
without assurning that such redistribution occurs. Manganese seerns to exist nainly
in the form of mixed manganese calciurn carbonate, as aiready suggested by Manheim
(1961). The atornic ratios of manganese to carbonate carbon were 0.70 and 0.77
in the 1970 and 1971 cores, respectively. The ratio of calcium to carbonate carbon
was 0.46 in the 1971 core and the corresponding correlation coefficient was 0.57.

THE SEDIMENT PROPERTIES IN RELATION TO THE CLIMATIC
VARIATIONS

The most ftuctuating properties studied by us in the Gotland Deep sediments
are the contents of organic rnaterial and manganese, and the redox potential. It is
interesting to compare, for instance, the variation of the organic material with the
climatic conditions. Dansgaard etat. (1969 and 1971) have studied clirnatic oscillations
by isotope analyses of a Greenland ice core and, for instance, Kar1n (1973) has
recorded variations of the Holocene glacier expansions of the Kebnekaise Mountains
in Swedish Lapland.

Kar1n has dated the culrnination of several rninor glacier expansions during
the last few centuries. Äccording to hirn, the advance of the ice front has turned
into a recession in 1916, 1890, 1850, 1780 and 1710 and some times between 1500
and 1640. He considers, like Schytt (1967), that an increase in the mean summer
temperature is the main reason for the change in the balance of the glacier rnass
resulting in contraction. To start with this idea, we rnay assurne that the mean summer
temperature increases with the arnount of solar radiation reaching the earths surface.
Further, the total radiation sum measured during the productive period seerns to
he a good cfiterion in estimations of the effect of radiation on the annual primary
production in the Baltic Sea (cf. Lassig et at. 1974),

It might therefore he expected that during periods of glacier contraction the level
of the prirnary production would rise and cause an increase in the content of organic
rnaterial in the sedirnent as well.

In other words, we ought to find carbon rnaxirna in the sediments deposited
after the glacier culminations rnentioned above. However, we can see from Fig. 6
that minima rather than maxirna are recorded after those years, the rnaxirna usually
appearing during the cold periods preceding each culrnination,
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In addition to the nineteen thirties, warrn periods are found at the ends of the
l6th and I7th centuries (cf.Dansgaard ei at 1969 and 1971). These periods coincide
rather well with our observations of the carbon minirna in the sedirnent. The level
of the carbon content in the sedirnent was significantly higher frorn the l6th to
the I8th centuries than during the period 1800—1930. The physical inforrnation
cited above as well as the historical data indicate that the 1 6th and 1 7th centuries
were in general vety cold, the period often being called »the Little Ice Age» (cf,

e.g. Karl&, 1973).
The above considrations show clearly that increases in the rnean surnrner air

ternperature, although possibly connected with changes in sorne factors stirnulating
prirnary production, do not show any positive correlation to the content of organic
material in the sedirnents of the Gotland Deep. One explanation of this situation
could be that the organic rnaterial produced during warrn periods decornposes in
the surface layer more effectively owing to the elevated water temperature and a
possible sharpening of the therrnocline.

Hallberg (1974) has suggested that the copper-to-zink ratio in the sediment
should refiect the redox conditions in the water during the deposition process.
According to hirn, the oxidizing and reducing periods coincide with warrn and cold
cHrnatic conditions, respectively. This observation is also in agreernent with our
assurnption that during warrn clirnatic conditions relatively little organic rnaterial
sinks down to the bottom layer of the Gotland Deep.

The infiows through the Danish Sounds into the Baltic Sea usually occur during
periods of great cyclonic activity, which are often typical oE cold surnrners in Fenno
scandia. These inflows as well as the wind conditions connected with the progress
of the cyclones intensify both upwelling and turbulent, vertical mixing of the sea
water. This again increases the nutrient content in the euphotic layer, resulting
in an increase in the prirnary and evidently also in the secondary production.

The rnost effective infiows leading to the turnover of the bottom water in the
deep basins of the Baltic Sea have, at least during the last few decades, taken place
rather late in autumn. Thus the rneteorological conditions underlying thern have evi
dently not affected the mean surnrner temperatures. However, they may have resulted
in heavy snow fali in the rnountains and thus caused the advance of the glaciers.

It is unnecessary to continue these refiections, since they are in rnany respects
rather speculative. Our aim was merely to point out sorne factors possibly responsible
for the correlation between the inerease of the content of organic rnaterial in the
sedirnent and the cold clirnatic conditions.
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A GRAWTY CORER FOR STUDIES OF SOFT SEDIMENTS

Lauri Niemistö

Institute of Marine Research, 00141 Helsinki, Finland.

A gravity corer for sampling soft sediments is described. The sediment eore
is extruded with a piston and divided into transverse sections of desired
thiekness. The subsample slides are closed with gliding sheets, which prevent
the sample from being contaminated by air. Electrode measurements are
carried out in the subsample slides hy means of an electrode-inserting device.
The suhsamples are dropped into Petri dishes and stored in a deep freeze
for chemical analysis.

The term »undisturbed sediment sample» is used in discussions relating to the

study of sediments (Kemp 1971). Nevertheless it is rather obvious that during the

process of sampling disturbance may take place in at least the following ways:

— the shock wave in front of the sampier disturbs the soft uppermost sediment

Iayer before the sampier penetrates into the sediment,

— the friction between the sediment and the sampier wall causes downward

gliding of sediment surface material,

— the internal structure of very soft sediment may be disturbed and the pore

water tends to flow out,
— the microbiological activity is disturbed by the decrease of pressure (e.g. gas

equilibrium) and the change of temperature.

The degree of disturbance is difficult to determine. Moreover, disturbance that

may he negligible in one hranch of sedimentology may he fatal in another. In some

cases it has proved impossihle to obtain undisturhed samples using shiphoard

sampling. In these studies it has fortunately been possible to use divers (Rhoads

and Young 1970 and Elmgren 1971). However, in deep water sampling the probiem

cannot he solved with divers and a suitahle sampier has to he found.

In a detailed report, Hopkins (1964) has deseribed over 100 different sediment samplers. Ahout
50 of these are corers. Hopkins also gives a short list of general speciflcations to he met by any
sampier: »(1) The device should have a minimum number of working parts and these should he

corrosion resistant, (2) the sampler should he sturdy enough to endure repeated handling on deck
and impacts on the bottom, (3) the hulk or weight should he such that the sampler is not overly
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Fig. 1. The gravity corer B) on its way
down, with the rudder (1) jo the up
ward position and the valve (2) open,
Iead weights (3) are placed in the pock
ets (4); (A) on its way up with the rud
der locked jo the downward position
with the static magnet (5). The plexi- nut (6)
glass tube is removed by opening the
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fig. 2. The sectioning apparatus consists

of a frame for the subsampe siides (Fig. 3)
with a sliding sheet (1) that sections the
core. The upper sheet of the subsample
siide is closed as the sediment core is ex
truded into the siide. When the rod (2) is
pushed, it moves the sliding sheet that
sections the core and at the same time
closes the lower sheet of the subsample
slide. The extrusiou device, (3) piston, (4)
O-ring, (5) clamp for the mouthpiece of
the plexiglass tube, (6) wheel for adjust

ment of extrusion.

and pulllng out the stainlcss

steel mouthplece (7).
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dangerous to handle on deck, (4) the sampier should orient correctly before contacting the bottom,
(5) sufficient weight or power should he supplied to ensure penetration to the desired depth, (6)
retrieving should entail no sample loss and once on board the sample must be relatively easy to
femove)>.

In the present paper a gravity corer is presented which fuifiis the above specifi
cations but which in addition has been constructed to meet the following requifements,
which are essential for the work it is intended to perform.

1. The sampier should he operated with a winch and it should be possihle to
regulate the weight on the basis of the information on sediment quality provided
by echo-soundings preceding the sampling.

2. The sampier should be automatically triggered.
3. The sampler should not penetrate too deep into vety soft sediments.
4. The mouth of the corer should be as piain as possible, without a core retainer

to disturb the sample.
5. The sediment core should be divided into suitable transverse sections for

immediate electrode measurements and for chemical analysis.

In 1968 the prototype of the sampier was reported (Niemistö 1969). In 1970
an improved type of the sampier was presented at the 7th Conference of the Baltic
Oceanographers in Helsinki. The irnproved sampier has been used in several studies
in the Baltic Sea. (See for instance Ignatius et al. 1971, Niemistö and Voipio 1974
and Hallberg 1974).

The sampier consists of a plexiglass tube (inside diameter 5 cm) surrounded by
a stainless steel body. For ballast the sampier uses 8 lead weights, each about 6 kg.
The weights are placed in pockets surrounding the sampier at the upper end (fig. 1).
The diameter of the sampier is considerably greater at this place and increasing
friction prevents the sampier from penetrating beyond the top of the corer on vety
soft sediments. A valve on the top of the sampier allows water to pass through as
it is lowered. Ä slightly bent rudder is fixed to the upper end to prevent rotation
on the downward journey. The smooth round lower end of the sampier assures
regular penetration. Wlien the sampier lias penetrated into the sediment, the valve
closes and vacuum prevents the sample, even vety soft material, from slipping
out of the tube upon the initial withdrawal. Äfter the sampier has been lifted clear
of the bottom, the rudder turns downwards and closes the mouth of the tube, pre
venting the loss of the sample while the sampier is being retrieved. In the downward
position the rudder also reduces spinning as the sampler is drawn upwards, thus
decreasing the disturbance of the sample.

On board the ship, the plexiglass tube is removed and placed in an extrusion
device (Fig. 2). Ä sectioning apparatus is then mounted on the end of the tube.
This consists of a frame for the subsample siides with a sliding plexiglass sheet
that sections the core. The sheet has a hole in the centre which is the same size as
the inside diameter of the sampier tube (5 cm). Ä subsample siide (Fig. 3) is fitted
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Fig. 3. The subsample siide consists of a plexiglass sheet (1) of desired thickness with a hole (2)
in the middle and grooves at the edges for the two gliding sheets (3) which close the subsample

and protect it from contarnination by the air.

Fig. 4. For electrode measurements the upper sheet of the subsample siide is re
placed with an electrode inserting device with holes for electrodes.
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into the sectioning device and sediment is extruded into the siide. The core is then
cut through and the slide is closed at the same time. A new subsample is fitted into
the device, and the core is gradually cut into portions. The thickness of the subsample
siides used in the studies has varied from 2 mm to 10 mm.

Air contamination is thus reduced to a minimum during the extrusion and
sectioning of the core, and the subsamples are then ready to transport to the
laboratory, e.g. for redox or pH measurements. Tests have shown that slight oxidation
of the sampies takes place only after about 8 hours.

A special electrode-inserting device was constructed to avoid air contamination.
This consists of an acrylic plastic cube with holes for the electrodes, which fits into
the grooves of the subsample siides (Fig. 4). This apparatus is fitted to the subs
ample siides one at a time during the electrode measurements (Fig. 5).

After each measurement the subsample is dropped into a Petri dish and stored
in a deep freeze for further analysis in the laboratory.

The sampier has been successfully used on soft, post-glacial sediments and also
on glacial clay and sandy bottoms. Sampies containing sand, small stones or iron
manganese nodules are very difficult to handle. Even if the sampling procedure

Big. 5. Electrode measurements on board the
Finnish research vessel »ARANDA».
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has been successful, the sectioning often fails, as the moving parts get clogged with

coarse material. The macroscopic fauna, especially Macorna baltica, has often caused

trouble during sectioning. The 0.8 thick subsample siides have — however — proved

useful even in this respect since there is room for the animais to he pressed into

the siide. As a rule the animais were removed before storage in the deep freeze.
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ON THE CHEMICAL FACTORS REGULATING THE
PRIMARY PRODUCTION OF PHYTOPLANKTON IN THE
BALTIC PROPER

Eeva Tarkiainen, Ilkka Rinne and Lauri Niemistö 1)

City of Helsinki Building Office, Street Construetion Department,
Water Conservation Laboratory, 00250 Helsinki, Finland

The primary production was measured (in silti) iii the Gotland Deep on June
28 and July 1, 1972. Although there were only 3 days hetween the two measure
ments, the primary production was more than twice as large on the latter date.
No satisfactory explanation for this diiferenee in production was found in
the hydrographic conditions. However, it appeared that a eonsiderable ehange
in the composition of the plankton had taken place between the two datet.

The growth of Chlorella sp. was studied in the laboratory in flltered water
taken from the surface layer and below the halocline at the Fårö Deep. The
effect of the addition of varioos nutrients was examined. Ammoniom nitrogen
was found to stimulate the growth of Chlorel/a in the aurface water more
than nitrate nitrogen. In the water from below the halocline the addition of
nitrogen caused an increase in growth.

The reason for the great difference in nitrogen-to-phosphorus ratios
between the surface layer and the water below the haloeline in the Baltic is
shortly discussed. The explanation is sought in nitrogen fixation and the
reduction of nitrates to nitrogen gas, and in differences in the sedimentation
and vertical transport of nitrogen and phosphorus.

Studies on plant nutrients in the coastal waters off Helsinki (Rinne & Tarkiainen
1974) and on the nutrient content of the Baltic in general (Voipio 1969, France &
Nehring 1971, Sen Gupta 1972, 1973) have raised the question of the fertilizing
effects — and related mechanisms — of the nutrient-rich water helow the halouline
upon the nitrogen and phosphorus concentrations of the upper waters and, thus,
in particular upon the primary production of phytoplankton.

In order to investigate this problem, samples were taken from the central basin
of the Baltic during the expedition of m/s Aranda in 1972. Sampling was performed
both in the surface layer and below the halocline, where the water was lacking oxygen
and contained hydrogen sulphide.

At the same time, the primary production oE the Baltic vas measured in sUu
in the Gotland Deep. Algal tests were used in determining the growth-limiting
nutrients.

1) Present address: Institute of Marine Research, 00141 Helsinki, Finland.
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IN SITU EXPERIMENTS OF PRIMARY PRODUCTION IN THE

GOTLAND DEEP

The primary production was measured by the modified Steeman Nielsen (1952) method (cf

Lassig & Niemi 1972). The sampies were taken at midnight, to avoid light shock, and incubated

in the sea at the same depth from which they were taken (1, 2.5, 5, 7.5, 10, 15, 20, 40, and 50 m).

Two light and two dark botties werc prepared for each sample. After 24 hours’ exposure, the

Date D/m

TÄBLE 1. Hydrographical observations made

in the Gotland Deep on June 27 and 28 and JuIy 1, 1972.

110c 5)0/00 PI-’ O,/%
totP

mg m’

totN orgC N/I’
(w/w)

mg m’ mg 11

8 —

9 —

9 280
9 260

11 260
11 270
11 300

8 230
8 200

12 190
10 220
52 150
79 250
71 230

100 220
148 180
154 220

89 200

5,5
5.0
4.5
5.0
5.0
5.0
5,5
5.0
5,5
4.5

5.0
4,5
5.0
4,5
4.0
4.5
4.0

31.0
28.9
23.s
24.5
27.3
28.8
25.0
15.8
22.0

2.88
3.t6
3.24
2.20
1.22
1.43
2.25

27.6. 1
2.5
5
7.5

10
15
20
30
40
50
60
75

100
125
150
175
200
225

28.6. 0
10
20
30
40
50
60
70
80

100
125
150
175
200
225
230

1.7. 0
5

10
20
30
40
50
60
70

13.6 7.53 8.68 120
12.7 7.53 8.71 117
12.1 7.53 8.74 115
12.0 7.51 8,71 118
11.8 7.50 8.68 117
10.6 7,50 8.68 111

6.8 7.51 8.64 103
5.3 7.63 8.24 106
4.3 7.67 8.07 101
3.3 7.76 7.98 94
5.4 7.78 7.95 99
4.7 9.95 7.24 15
5.6 11.to 7.23 10
5.5 11.75 7.25 11
5.4 12.27 7.27 10
5.4 12.48 7.25 0
5.5 12.61 7.27 0
5.1 12.68 7,25 24

14.7 7.54 8,67 119
11.8 7.54 8.62 115

5.5 7.59 8.26 106
4.9 7.64 8.17 101
5,2 7.70 8,13 101
3.3 7.72 7.98 96
2.4 7.89 7.79 $7
3.3 8.90 7.42 54
4.1 9.66 7,32 25
5.4 11.10 7.26 5
5.4 11,85 7,30 15
5.3 12.28 7.29 11
5.4 12.48 7.29 2
5.4 12,58 7.31 0
5.2 12.66 7.29 6
5.0 12,66 7,26 22

13.3 7.52 8.66 118
13.2 7.52 8.65 118
11.8 7.58 8.65 116
5.4 7.54 8.24 105
5,1 7.64 8,05 101
4.5 7.66 7.96 98
3.4 7.75 7.85 96
2.7 1 7,88 7.74 91
2.9 8.50 7.38 61
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sampies were ffltered on membrane filters (Sartorius MF 11306, pore size 045 m) and their radio
activity was measured wjth the Geiger-Mäller tube (Philips 18536, rear window 1.5 mg/cm2).

The phytoplankton biomass was determined on sampies taken at the same time as those for
the primary production measurements and preserved with Keefe solution.

The results of the hydrographical observations are given in Table 1.
The primary production values are shown in Table 2, and the biomasses of the

phytoplankton in Table 3. Älthough there were only 3 days between the sampling
dates, the daily primary production on July 1 was more than twice as large (410

TABLE 2. The daily primary production in the Gotland Deep on June 28 and July 1, 1972.
‘4C method (Steeman-Nielsen 1952). The V/O quotient gives the ratio between maximum pri

mary production in situ per m3 (V) and primary producton in situ per m2 (0).

Depth totCO Primary production
— 28. 6. 1972 1. 7. 1972m tng!1 mgC/m’

1 7.53 18.7 14.6 60.4
2.5 » » 12.0 41.6
5 » » 13.1 31.6
7.5 7.51 18.6 9.1 26.2

10 7.50 » 11.1 12.0
15 0 2.6 4.8
20 7.51 » 1.4 1.4
30 7.63 18.8 0.0 0.0
40 7.67 18.9 1.2 0.0
50 7.77 19.1 0.1 0.0

mg C/m

Total 182 413

VJ0 0.08 0.15

TABLE 3. Phytoplankton biomasses in the Gotland Deep on June 28 and July 1, 1972.

Biomasses, I/I

Iletero
Date D/m Blue- CyStIC Green

green bine. algae Diatoms Fiagellates Dthers Total
aigar green

algae

1
2.5
5
7.5

10
15

June 28

July 1

0.86

.47

.16

.20

.22

.26

0.07
.06

.07

.04

.05

.03

0.04
.01

.03

.01

.03

.01

0.01

.01

.01

.00

.01

.01

0.39
.24

.16

.10

.08

.07

0.79
.56

.27

.13

.18

.12

2.09
1.28

0.64
.45

.52

.48

Äverage 0.36 0.05 0.02 0.01 1 0.17 0.34 0.91

1 0.22 0.07 0.00 0.oi 0.10 0.67 1.00
2.5 .09 .07 .02 .01 .08 .08 0.27
5 .18 .06 .00 .01 .08 .15 .42

7.5 .06 .06 .00 .00 .06 .10 .22

10 .16 .10 .01 .01 .08 .48 .75

15 .11 .02 .01 .00 .06 .21 .38

Äverage 0.14 0.06 0.01 0.01 0.08 0.28 0.51
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mg C/m2) as on June 28 (180 mg C/m2). On the other hand, the phytoplankton

biomasses were greater on June 28 than July 1. Further there was no marked difference

in salinity, temperature, pH or oxygen concentration between the sampling dates.

Äccording to SMHI 1), the total solar radiation measured on June 2$ in Visby,

Gotland, was 606 cal/cm2, and the record for July 1 was 598 cal/cm2 (= 705 and

696 mWh/cm2, respectively).

However, the values for the primary production are in the same order of magnitude

as those measured off Helsinki in the Gulf of Finland (Tahle .4). Fonselius (1972)

reports that the values for the primary production in June and July at the lightship

Hävringe were approximately 10 and 13 g C/(m2 month), or 330 and 420 mg C/

(m2 day).

TABLE 4. The daily primary production at some observatlon stations off Helsinki towards the

beginning of July 1972 (Pesonen, unpublished data).

Primary producdon, mg C/m’

Obsrrvation Production towards bcginning of July MaxmaJ proUucton
sta tien

Date Production Date Productjon

36 27. 6. 276 12. 5. 628
68 26. 6. 406 8. 5. 668

114 27. 6. 165 12. 5. 657
12. 7. 435

122 26. 6. 267 23. 5. 433
10. 7. 398

125 26. 6. 260 8. 5. 529
10. 7. 333

142 12. 7. 282

The great difference in primary production between the two series of experiments

is difficult to explain. The differences observed in the temperatures and salinities

are not sufficient to account for it, and the slight difference in solar radiation (measured

in Visby) does not give a satisfactory explanation. Äccording to the log book of

m/s Aranda, the weather was slightly brighter on July 1 than June 28 (in the Gotland

Deep area). The results of the phytoplankton count (Table2) indicate that considerable

changes may have taken place in its composition between the sampling dates, e.g.

in the occurrence of the blue-green algae and the fiagellates.

THE GROWTH OF PHYTOPLANKTON IN LABORÄTORY TESTS

Ä green aiga, ChIoreIta sp., isolated from the water of Laajalaliti in the Helsinki coastal area

(Pesonen 1968) was used as test organism. The stock culture was grown in Helsinki-1-soludon

(Table 5), which is a modification of the Provislonal Aigal Ässey Procedure nutrient solution (PÄAP

1971), with a salinity corresponding to that of the brackish water oE Helsinki (ca. 6 5/). The nutti

ent solution was autoclaved before use (1215C, 2 kp/cm2, 20 min.).

1) Svcriges Meeorologiska och Hydrologiska Instimtion, Stockholm, Sweden,
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TABLE 5. Helsinki-1 growth solution

Macronwrienis mg/1 Trace elernents yfi
NaNO3 25.5 H3B03 185.520
K9HPO4 1.044 MnCI9. 4H20 415.506

ZnS04. 7H90 52.900
Sa,’Is CoC12 . 6H,0 1.433

NaC1 4600.0 CuCi, . 2H20 0.011
MgCL . 6H90 1 355.0 Na2MoO3 . 21420 7.260
MgSO4 . 7H,0 616.0 FeC1, . 6H30 160.398
CaS04 . 2H90 259.4 Na.,EDTA. 2H,0 300.000
K3S04 130.0
CaCO3 20.0

Fifty-miiliiitre Pyrex test tubes, closed with aiuminium caps were used as culture vesseis, the
eulture volume being 30 ml. The test tubes were washed with a diehromate solution and rinaed
five timea with tap watet and three times with distilled water.

Incubation took piace in a water bath, with continuoua ililumination of 5000 lux (Philips TL
40 W/33, conl white fluorescent) and a temperature of 18°C. The test tuhes were ahaken onee a day
with a Whiriimixer (Fisona Scientific Apparatus Limited). Ali the experimenta were run in triphcate.
The quantity of algai eulture inocuiated was 0.014 elli. The ineubation time xvas 14 days.

Twenty-litre water samples were collected on June 30 at the Fårö Deep (F 80, 58° 00’ N, 19° 54’
E) with a 5-iitre Universai series water sampler (Hydrobios), being taken frnrn the surface layer
and beiow the halociine, at a depth of 175 m, where hydrogen suiphide was present at the time of
sampling. They were fiitered immediately through membrane fiitera (Sartorius 11306, 0.45 pm),
and deep-frozen in the laboratory on Juiy 5. The cuiture experiment vas carried out between
November 30 and December 14, 1972. The contents of nitrogen and phosphorus compounds were
dttermined on samples hrought to room temperature (Tahie 6).

TABLE 6. Dissoived nutrient content of water sampies.

Surfacc water Deep watezNutrients mg/m’ mg/m’

P04—P 1.0 121.0
Totai P 12.0 149.0
N03—N 9.0 6.0
N02—N 0.2 0.2
NH4—N 9.5 111.2
Totai N 152.0 270.0

N/P 12.7 1.8

Surface water and water from below the haiociine were mixed together in different proportions
in some of the experiments, hut the water from the two depths was kept separate in the nutrient
enriehment experiments (Tabies 7, 8, 9 and 10). The sobsamples were inoeuiated with Ch/orel/a
sp., and growth was measured after two weeks of ineubation.

Growth was measured from turbidity determined with a HACH 2100 A turbidimeter. In the
caieoiation of the eahbration eurve between turhidity and biomaas, the biomass was determined
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from mieroseope counts made on 18 sampies Fdtered on membrane ifitera and stained with a soJution
of erythrosine (5 g of phenol and 1 g of erythrosine in 100 ml of 11a0) (c/’. Tarkiainen & Rinne
1973).

The results were analysed in pairs using Student’s t-test.

Surface and deep water mixture experiments. Considerably less growth oc
curred in the surface water than in water taken from a depth of 175 m (Table 7,
Fig. 1). Even a small addition of water from below the halocline caused a significant
(P < 0.0 1) increase in growth compared with that of the surface water. The bio
masses increased with the increase of water from below the halocline. Maximum
growth was reached in the solution containing 70 % water from below the halocline.

BIOMASS

15

10

5

0

Fig. 1. The growth of Cb/orcl/a sp.

N1 p

PER CENT SURFACE WATER OF THE MIXTURE
SUR FACE WATER AND DEEP WATE R

in different mixturea of surface and deep-water samplea from
the Fårö Deep.

1.8 1.8 1.9 2.2 2.6 3.7 6.4 9.7 12.6

0 3 10 30 50 70 90 97 100 °/o

TABLE 7. The growth of Ch/ore//e sp. lii mixturea of
surface and deep-water aampies from the Fårö Deep.

Mixture
Growth ot totl ‘) totN’)

Surfoce Deep water Cblorella op. N/P (w/w)
water o’ pl/I rngm—’ mgm’

0/
.0

0
3

10
30
50
70
90
97

100

100
97
90
70
50
30
10

3
0

6.214
5.887
6.867
7,412
5.8 87
4.143
3.403
3.054
1,08 2

149.0
148.1
135.3
107.0

80.5
53.1

25.7
16.1
12.o

270.o
266,5
258.2
234.s
211.0
187.4
163,8
155.5
152.o

1,8
1.8
1.9
2.2
2.o
3,5
6.4
9.7

12.7

1) Caleulated eoneentrations aeeording to Tahle 6.



45

Enrichment experiments. Experiments were carried out to investigate the
effect of the addition ci different nutrients, separately and in combination, on the
growth of Chlorella sp. in water sampies from both depths. The additions and the
results are presented in Table 8.

The N/P ratio (calculated as weightfweight) of the surface water was 12.7. The
growth ci Chlordlla sp. was not affected when phosphorus, ammonium nitrogen,
nitrate nitrogen and trace elements were added separately. When added together
with phosphorus, both ammonium nitrogen and nitrate nitrogen caused a significant
increase in growth. The increase xvas also significant when trace elements were
added in combination with nitrate nitrogen and phosphorus (P < 0.0 1). Ammonium

BIOMASS

15

NH4 ) ( No3

ADDITI0NSLY
7: fl;::f;:

j.::.;:I:
fl

Fig. 2. The results of nutrient enrichment tests with Cblorella sp. in surface-water sampies from
the Fårö Deep. — = unenriched control, TE = trace elements, N = nitrogen (either NH4—N

or N03—N) and P = phosphorua enrichment.

TABLE 8. The results of nutrient enrichment testa with Chlorella sp.
in the aurface and deep-water samplea from the Fårö Deep.

Additions Growth of C/jlorella sp.. pl/J

TE 1) Phosphorus Nitrogen
10 mifi 0.06 mgfl 1.4 mgfl Surfacr watrr Dcrp watcr

1 — — — 1.084 6.214
2 TE — — 1.343 6.541
3 — — NH4—N 1.583 24.736
4 TE — NH4N 1.790 20.486
5 — P04—P — 1.823 4.906
6 TE P04—P — 1.823 4.470
7 — P04—P NH4—N 6.758 25.825
8 TE P04—P NH4—N 6.758 24.627
9 — — N03—N 0.864 19.724

10 TE — N03—N 1.605 16.346
11

— P04—P N03—N 5.233 25.607
12 TE P04—P N03—N 7.194 23.755

1) TE = trace elements according to Tahle 5.
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BIOMASS LjI/I

30

Fig. 3. The results of nutrient enrichment tests with Oilore/la sp. in deep-water sampies from the
Färö Deep. — = unenriched control, TE = trace elernents, N = niti’ogen (either NfI1—N or

N03.—N) and P = phosphorus enrichment.

nitrogen together with phosphorus caused significandy greater (P < 0.05) growth

than .the combination of nitrate nitrogen and phosphorus (fig. 2).

The N/P ratio of the water from below the halocline was 1.8 (cf. Table 6). The

addition of nitrogen caused a considerable increase in growth, but the addition of

ammonium nitrogen and nitrate nitrogen had no significant difference. Combinations

of ammonium nitrogen and tface elements as well as those of nitrate nitrogen and

trace elements caused.a significantly smaller increase in growth than combinadons

ADDITIONS TE P P N N P P N N P P
TE TE N N TE N N

TE TE

TAELE 9. The effect of nitrogen and phosphorus jo different concentrations on the growth of

Chtoretta sp. (ctl/1) in a surface-watcr sample from the FSrö Decp.

Phosphorus mg P/1

P04—P additjons 0 0.030 0,060 0,090

Tot, P concn 0.012 0,042 0.072 0.102

Nitrogea ng N/I

NH4—N Total N
additions concn.

0
0.7
1,4
2.1

0.152 1,082 1.267
0.852 1,681 7.303
1,552 1,583 6,867
2.252 2.782 7.303

1,823
8.284
6. 7 5 8

10.790

1,5 50
9.482

10.463
13.295
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fig. 4. The effect of nitrogen and phosphorus in different concentrations on the growth of Chlorella
sp. in a surface-water sample from the Frö Deep.

of phosphorus and ammonium nitrogen and those of phosphorus, ammonium
nitrogen and trace elements. Otherwise, no significant additional growth was bfought
about by additions of phosphorus and trace eiements (Fig. 3).

Since the above results indicate that both nitrogen and phosphorus are the
regulating factors for the growth of Chtorctla sp., additional experiments were made
to study the effect of different concentfations of nitfogen and phosphorus. The
results are given in Tabies 9 and 10.

In the surface water, phosphorus alöne did not cause additionai growth. Nitrogen
and phosphorus in combination had a marked effect on growth (Tabie 9, fig. 4);
even a small amount of phosphorus (0.03 mg P/i) produced a significant increase
ofgrowth at ali the nitrogen concentrations used, and the smallest addition ofnitrogen
(0.7 mg N/i) caused significant growth at ali the phosphorus concentrations. Growth

TÄBLE 10. The effect of nitrogen and phosphorus in different concentrations on the growth of
Chloretla sp. (ui/i) in a deep-water sampie ffom the Färö Deep.

Phosphorus mg P/1
-.

P04—P addjtjons 0 0.030 0.060 - 0.090
Tot. P concn 0.149 0.179 0.209 0.239

Nitrogcn mg N/1

N11—N Total N
additions concn. -

0 0.270 6.214 6.431 4.906 6.541
0.7 0.970 16.237 14.385 16.019 15.148
1.4 1.670 24.736 17.109 25.825 20.269
2.1 2.370 20.704 29.094 21.903 20.159

0

N—ADDITION mgNII
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Fig. 5. The effect of nitrogen and phosphorus in different concentrations on the growth of Cblorel/a
sp. in a deep-water sampie from the Fårö Deep.

increased with the concentrations of the combined nutrients, the maximum being
produced by the highest concentrations of nitrogen and phosphorus (Fig. 4).

In the water from below the halocline, growth increased with the addition of

nitrogen. The amount nE 0.7 mg N/i caused a significant increase of growth at ali

the concentrations oE phosphorus. The addidon of 2.1 mg/i of nitrogen did not

increase growth at any of the phosphorus consentrations used, as compared with

the addition of 1.4 mg N/1. Additions nE phosphorus do not seem to have any

effect on the growth of C’hlorella sp. in water from beiow the haiochne (Tabie 10,

Fig. 5).

Discussion. In surface water from the Baldc proper nitrogen and phosphorus
in combination caused a slight increase of growth in Ch/orella sp. (Table 8, Fig. 2).
Other workers, including Ryther & Dunstan (1971), have pointed out that in coastai
marine waters nitrogen is often the nutrient iimiting the primary production nE
phytoplankton. Melin & Lindahi (1972) found that in Stockholm archipelago the
growth of the nitrogen-fixing biue-green aiga Aphanftornenon flos-aquae Ralfs was
limited by phosphorus or trace elements. On the other hand, nitrogen was the factor
hmiting growth in biue-green aiga QsciIIatoria agardhii Gom., which is known to be
unabie to dx nitrogen.

When specifying the chemicai form of potential iimiting nutrients, Sen Gupta
(1972) writes as foiiows: »Compounds which are unstabie and undergo changes
in oxidation states can hardly be expected to he a hmiting factor in any of their

BIOMASS

N—ADDITI0N mgNjl
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lower states of oxidation. Consequently, only nitrate — the highest oxidative form
of nitrogen in the marine environment and the most stable — can be expected to
limit plant life in the same way as orthophosphate (the highest oxidative and most
stahle form of phosphorus)». However, when investigating factors limiting the
primary production of phytoplankton, one has to take into account the different
chemical forms of each nutrient availahle to the algae, not only one component.
Planktonic algae can use other nitrogen compounds besides nitrate (NH4, N1, urea,
amino acids and other soluhle and even insoluble nitrogen compounds) (Chu 1943,
Kraz & Myers 1955, Fitzgerald 1971, Fogg 1962, Syrett 1962) and other sources
of phosphorus compounds besides orthophosphate (organic phosphates, poly
phosphates and even insoluble phosphorus compounds) (Kuenaler 1965, Kuenaler
& Perras 1965, Davis & Wilcomb 1967, 1968, Fitzgerald 1971).

In our enrichment experiments, nitrogen was clearly the chemical factor limiting
the growth of algae in the water from below the halocline of the Baltic Proper.
This is implied by the fact that in the water used the ratio of total dissolved nitrogen
to total dissolved phosphorus was 1.8 (Tahle 6). Most of the nitrogen and phos
phorus in the water below the halocline was in a dissolved state.

The reason for the low ratio of nitrogen to phosphorus in the bottom water
of the Baltic might be sought in the possible escape of nitrogen from the water
below the halocline or in the release of phosphorus from the sediments.

The results of the nitrogen and phosphorus analyses of the five uppermost 0.8
cm thick sediment subsamples taken in the Godand Deep in 1969—72 are given
in Table 11.

Under reduced conditions (in 1969 and 1972) the amount of phosphorus in the
uppermost square metre in a 0.8-cm-thick sediment layer may be estimated (as a
mean of the uppermost subsample of the 1969 and 1972 core) at some 0.7 g and
the amount of nitrogen at 3.9 g. Under oxidized conditions (in 1970 and 1971) the
corresponding amounts were 1.8 g for phosphorus and 3.3 g for nitrogen. This
indicates that when conditions are changed to reduced some 1—2 g phosphorus/m2

is recycled, while nitrogen seems to remain in the sediment. However this amount

TABLE 11. The eontent (% of dry matter) of total phosphorus and total nitrogen in the five

uppermost 0.8 cm thick suboampies taken frnm the sediment cores from the Gotland Deep in

1969—1972.

Sub
sample

N

1969

P N/P

1970 1971 1972

P N/P N 1’ 91/1’ 91 1’ N/PN

1 . . . . 0.66 0.13 5.08 0.84 0.46
2 . . . . 0.49 0.10 4.90 0.61 0.09
3 . . . . 0.46 0.09 5.11 0.56 0.09
4 . . . . 0.45 0.08 5.63 0.46 0.09
5 . . . . 0.48 0.06 8.00 0.51 0.09

N to P ratios are given as weightfweight

1.83 0.83 0.45 1.84 1.27 0.22 5.77
6.78 0.94 0.23 4.09 1.01 0.14 7.21

6.22 0.77 0.15 5.13 1.03 0.10 10.3
5.11 0.57 0.10 5.70 0.90 0.09 10.0
5.67 0.48 0.10 4.80 0.73 0.14 5.20
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of phosphorus could explain the observed high concentrations in, the subhalocline
water only in a layer of some 10 m above the. sediment surface.

Nitrogen may be oxidated into nitrates, when the water below the halocline
contains oxygen. When anoxic conditions ne established, the nitrates may be reduced
to nitrogen gas (Richards 1965, Sen Gupta 1973). Ifk is assumed that downward
transport across the halocline from the photic layer occurs equally readily for nitrogen
and phosphorus the values of Table 1 would indicate that some 2 g/m of nitrögen
escapes.

Another explanation of the low N/P ratio is that phosphörus is transported more
easily through the halocline than nitrogen (cf, e;g. Voipio 1969). Since nitrogen is
bound more tightly to organic matter than phosphorus (Golterman 1960, 1964),
k seems unlikely that phosphorus is transported only with organic matter.

Sewage contributes more than half of the total phosphorus entering the Baltic
Sea (report of ICES, 1970). According to values reported by SITRA (1970), the
N/P ratio of the sewage. and industrial waste discharged directly froni Finland is
4.2 and that of the total nutrient supply from Finland to the Baltic Sea is 11.3. Ac
cording to Engwall (1972) and AH & Od6n (1972), the corresponding values for
the nutrients contributed by Sweden are 4.0 and 8.6, respectively. A considerable
part of the phosphorus entering the Ealtic from other countries is derived from
sewage, where the N/P ratio is usually low. In addkion, part of the nutrients in
the surface water of the Baltic cornes from below the halocline, where the N/P ratio
is even lowär than that of sewage. However, the ratiö of nitrogen to phosphorus
in the surface water is about 20—30 (Table 3). This indicates that the cycling of
nitrogen may be vety different from that of phosphorus and/or that additional
nitrogen is brought into the surface water of the Baltic Sea.

Only after it has been determined experimentally whether and to what extent
nitrogen-fixation takes place in the Baltic, will it be possible to state whether nitrogen

s really the factor regulating primary production in the Baltic.
At least on the coast of the Gulf of Finland, heterocystic blue-green algae some

times form a considerable proportion of the phytoplankton biomass (Melvasalo
1971). TMs has also been observed in the arcMpelago Kemiö (Niemi 1971). Table 2
shows that nitrogen-fixing blue-green algae also occur in the central Baltic.
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