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Distribution of free carbonic acid

Summagz.

l. The report is based on the information secured from the regular seasonal observations
over the hydrochemical conditions of the sea water, carried out on the network of the
stationary and provisional research stations during the International Geophysical Year and
International Geophysical Cooperation Period by the Soviet research expeditions in the
Baltic Sea.:

2. Values of pressure of the free carbonic acid and its other forms have been calculated
by methods adopted in the international practice in accordance with the observed velues
of pH, alka;inity, chlorinity and temperature of the sea water.

3. The major deficiency of works on the conditions and distribution of the free carbonic

\Qcid in the Baltic Séa is the insufficient information referring to the central and south-
“Sorn parts of the sea, and especially the lack of winter observations which are necessary

for a complete characteristic of sea conditions,

4, The distribution of the free carbonic acid pressure (pC0,), as well as the distrib-
ution of other hydrochemical ingredients, depends mainly on tﬁe fact that the Baltic Sesa
water is divided into two layers (which is characteristic of the Baltic Sea) owing to the
limited depth of convection currént penetration.

‘5., Seasonal variations of carbonic acid pressure in the upper layer follow the general

regularities observed in other seas and depend mainly on the direction of biological pro-
cosses. The effect of temperature is but of minor importance. In spring, the value of
pCO, in the productive layer is considerably lower than the mean partial pressure of
car%onio acid in the atmosphere which is due to the flowering of phytoplankton (April=-

May) °
6. Following factors are typical of the Baltic Sea:z-

(a) rather high values of pCO, at the surface in the autumm-winter period, and
(b) 1long duration of the perigd when carbonic acid pressure at the surface is
higher than its pressure in the atmosphere, and the sea gives off carbonic

. acid to the atmosphere.

7. Vertical distribution of the free carbonic acid pressure is comparatively uniform
in the layer of 0-40-60 m; maximum gradients are observed at depths of 60-80 m; at

80-100 m depths, the values of pressure are 10 times (and more) higher than those observ-
ed in the upper layers of water.

8. Analysis of relation of forms of carbonic acid made for some Baltic Sea research
stations. shows that the suiface water of the Baltic Sea contains larger quantities of free
and hydrocarbonate catbonic acid and smaller qudntities 'of " carbonaté carbonic acid than
the Casplan Sea and the Barents Sea waters.

Extensive research work carried out by Soviet scientific expeditions in the Baltic
Sea in 1957-1960 makes it possible to collect considerable information on the active
reaction and alkalinity of the Baltic Sea water.

The northern and central parts of the Baltic Sea and the Gulf of Finland are those
areas which have been investigated mainly.

The hydrochemical material had been collected seasonly on the base of the network
of the stationary and provisicnal. international research stations.

From the analytical data obtained, it was possible to calculate the partial pressure
of the carbonic acid (pcoz) to conclude about its distribution and annual variability.
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Values of the carbonic acid partisl pressure were calculated from the reletions be-
"tween the values of pH and those of alkalinity determined in 1931 by the special committee
of the International Council for the Exploration of the Sea (Buch, Harvey, Wattenberg and

Gripenberg (7) ). _ '

For calculation they used the formulae:-

= - - 1
log pco2 pC - pH + log Alkk log kHCO3
Values of pC and log kHCOé were determined from the tables compiled by the above
authors; the value of pK! was determined from the table composed later by Buch on the
basis of the more specific values of Kz' (5).

The value of pH was determined by means of a colorimeter against Palitzsch borate
buffer solutions and Sgrensen phosphate buffer solutions in compliasnce with the special
extended sea-scale of the range 6.8-9.0. To obtain the “true" walues of pH the correspond-
ing temperature and salt corrections have been introduced into the observed values.

The alkali reserve (or titration alkalinity) was found by titrating 0.0l normal HC1
with a mixed reagent of methyl red + methyl blue. Carbonate alkalinity was determined by
the formulae:-

Ay = Aggye, T8

The value of « was taken from the table given by Buch (6).

The character of the free carbonic acid distribution (in terms of pCO,) in the Baltic
\‘ea as well as the distribution of oxygen and biogene elements depend on the following
“Wactorsi- ’ :

(a) intercontinental position of the seas

(b) almost completely closed cycle of biogene matter;

(¢) wvertical zonality of water typical of the seas

(d) stagnant effects at the depths of 100 m and more which depend
on the rate of penetration of the Kattegat waters into

these depths.

The annual variability of pressure of the free carbonic acid in the Baltic Sea is
shown by isopleths in the chart (fig.l).

The boundary of vertical seascnal variations of pressure lies approximately at €60-80 m
depth which corresponds to the isoline 20. However, within the active layer of water the
pressure does not exceed 5-10x10"%4 at. The most distinct seasonal variations of pCO
(determined mainly by the change of biological seasons) takes place in the productive aner
of water at a depth of 0-10-20 m, the maximum range being in the Gulf of Finland.

Mean values obtained for the period of observations are shown in Table 1.

These values refer to the varlous seasons of the sea areas and hold for the layer of
ater of 0-10 m which is in contact with the atmosphere all the year round and which is
biologically active and practically uniform in the vertical direction. Though this layser

of water is well mixed and is in permanent contact with the atmosphere, the pressure of
carbonic acid in it is but rarely equal to the CO, pressure in the atmosphere the mean
value of which is roughly equal to 3x10-4 at. The minimum values are naturally observed

in spring when diatoms are flowering (April-May).

At this time of the year the distribution of pCO, values on the surface (fig.2) within
the sea area is most non-uniform. The minor values refer to the Gulf of Finland end the
Gulf of Riga which agrees with the fact that these areas are those showing the most
intense flowering of phytoplankton in May. It is noteworthy that the minimum values ob=-
served in the Gulf of Finland in 1959 fall in a period of unusually intense growth of
phytoplankton (spring 1959). In spring and in summer the pressure of the free carbonic
acid is always followed by the overoxygenation and is below its pressure in the atmosphers.
almost all over the sea surface. Thus the sea absorbs carbonic acid from the air and this
carbonic acid is then constantly consumed by the growing phytoplankton.

By autumn pCO2 in the productive layer of water is considerably increased owing to
the cessation of phytoplankton flowering and to the process of dissociation of the dying
off organisms.

In 1957-1960 mean values of pCO, in the 0-10 m layer. of sea water had been changing
from the minimum values of 1.8-3.2x10-4 at. in spring to the maximum ones of 4.9-5.3x10"%at.
in winter. The summer and autumn values approached meen values for 1927-1938 given by
Buch (6); a certain disagreement of the spring values is possibly the result of later periods

of observations. - S ]




The maximum values of pCO, are observed in winter which fact is very interesting be-~
cause in winter the activity o§ biological processes is very low, frequent storms contribute
to a good contact of the upper layers of water with the atmosphere and (which is important)
the very fact of temperature reduction should bring about a decrease of the carbonic acid
partial pressure in the sea water.

The increase of pCO, values in winter is apparently the result of penetration of large
quantities of carbonic acid into the upper layers of water from the lcwer ones (where the
concentration of carbonic acid is high) owing "o the deep convection mixing in winter.

Fig. 3 shows the variation of actual and calculated values of pCO, during one year
(1958-1959) with changing of temperature and salinity but with the conStant initial
value of pH (for the initial value is taken the value of pH observed in August 1958 when
the free carbonic acid pressure in the surface was approximately equal to the mean atmos=~
pheric pressure). Obviously the character of the seasonal variations of pCO_ the actual
values of pCO, 1is opposite to the variations of the calculated values of pCOZ, and is
consequently opposite to the temperature regime of the sea water during the Wwhole year
with the exceptions of periods of intense heating of the sea surface (May-August). Thus,
the annual variations of the free carbonic acid in the Baltic Sea (even in the surface)
depend mainly not on the temperature variations but on the blological processes of ab=
sorption and excretion of carbonic acid reflected in pH values, and cn the conditions of

interchangs between the upper end lower layers of sea water,

Comparison of the data obtained and those determined for other intercontinental and
outlying seas shows that summer values of pCO, for the upper layer of water are very
similar. According to Schultz (8), for instarice, the pressure of the free carbonic acid

@Pn the North Sea surface water (as determined by means of the Krogh apparatus), with press-
ire variations from 2.6 to 4.5x10"% at, was on average equal to 3.3x10~4 at., and in the
Kattegat and in the southern part of the Baltic Sea, with pressure variations from
2.6 to 4.4x10"4 at., it was equal to 3.4x10"% at.

Proceeding from the investigations performed by Chigirin, Dobrjanscaja (3) quotes
values within 3.5-5.5x10"% at. for the Black Seas Brujevitch (2) states that in summer
1934 pCO, in the 0-50 m layer of the Caspian Sea was on an average equal to 4.0-4.3x107~at.
According to the information presented by Chigirin (4), the summer values of pCO_ in
0-10 m layer of the Kiira-Sea and Greenland Sear are 1.7-2.7x10"% gt., and 1.8-2.8x10~4 at.
respectively, i.e. considerably lower than the above given values. For the Barents Sea
Brujevitch (1) gives values of 2.3-2.8x10"% at.

Rather high pressure of the free carbonic acid in the active layer of the Baltic Sea
in winter is obviously a characteristic feature of its hydrochemical regime. As a result,
the period when the sea gives off the excessive cabonic acid. to the atmosphere is rather
long. Approximate calculations (fig.l) performed on the base of 4 years of observations
show that in the 0~-10 m layer of water, the partial pressure of carbonic acid is on an
average below the CO, pressure in the atmosphere or closely approaches the equilibrium

ressure during 3-4 months in a year onlys the rest of the time the sea gives off carbonic
acid to the atmosphers.

The vertical distribution of pCO, values in the active layer of water is compara-
tively uniform;s the thickness of the productive layer of water in which the maximum
values of pCO_ are observed in summer amounts to 20 m3 in the more fresh waters such as
the Gulf of F¥nland and the Gulf of Riga it emounts to 10-15 m. In the deep-water areas
of the open sea the thickness of the layer in which pCO_ values in summer are below
3x10~% at., sometimes amounts to 30-35 m, The layer of water characterized by a tempe-
rature jump and sharply pronounced during the warm periocd of the year at depths of
+10-15 m, affects but very little the vertical distribution of pCOz.

The jump in the distribution of the free carbonic acid pressure is well pronounced
at depths from 40-80 m, still better at depths from 60-80 m, and is most pronounced in
winter. Its position coincides in general with the boundary for.the. penetration of ‘the con-
vection currents into the deep layers in suturm and winter, i.e., with the lower boundary
of the active layer of sea water. Table 2 shows mean gradients of the pCC, increase
with dopth; maximum values of pCO2 are observed in the 60-80 m layer of wa%er, where they
can be very high.

In the deep-water area of the Baltic Sea the quantity of the free carbonic acid is
very great., Below 80-100 m gradients pCO, valuss varying within the range of 25-50x10"%at.
are 10 (and more) times higher than the v&lues obtained in the uppermost layer of water.

The relation between pCO, values for the active zone and those for the deep~water
area of the Baltic Sea is very close to the relation found by Dobrjanscaja (3) for the
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Considering the approximate character of the calculations of pressure of the free
carbonic acid it is possible to conclude that in general its value in the deep-water zone
is comparatively uniform (fig.1). This is also proved by very negligible gradients of
pCO, increase below 80-100 m depth (table 2). The distribution of pCO, in the water
1ay§r near to the bottom as well as the distribution of oxygen and othgr hydrochemical
ingredients nicely contour the boundaries of areas of stagnation and the distribution

of the latter over the sea area (fig.2).

It should be pointed out that values of pCO, of the more or less same order are ob-
served in the most stagnant areas, for example, &t the depths of Gotland Deep as well as
in the Landsort Deep in the mouth of the Gulf of Finland etc. However, the concentration
of oxygen and especially biogenes in the above mentioned regions differs greatly which
determines the degree of stagnation of these regions. Comparison of data obtained for
the Gotland Deep during 1957-1960 with the mean values obtained for it during 1927-1938
by Buch (8) shows that in either case pCO, values are nearly similar though stagnant
effects at the depths of the Gotland Deep”in 1927-1938 were much weaker than in 1957-1960
which is proved by the mean content of oxygen at 200-230 m levels:

0+81=-2342 mg/1 and 0.00 mg/1, respectively.

Such constancy of the amount of free carbonic acid in the Gotland Deep area or, in
other words, a certain limit ‘of its acoumulation there, is apparently related to the fact
that with oxygen completely absent and in presence of hydrogen sulfide (i.e. in the re-
ductive medium) a certsin quantity of the free carbonic acid can be assimilated during
the oxidation of oxygen and ammonis, during the transition of ferric salts into the
soluble protoxide form and during other chemical processes. In connection with the above

"faid it could be mentioned that a slight reduction of pCO, values was almost constantly
\W¥%bserved at the lowest levels of the Gotland Deep. Mean Values obtained by Buch show this
reduction. _

Approxiﬁate'calculations of carbonic acid forms had been carried out on the basis
of values of alkalinity, pH, salinity and temperature according to the tables given by
Buch, Harvey, Wattenberg and Gripenberg (7) for the two research stations in the Baltic
See having different degree of stability of the hydrochemical conditions. The total
amount of carbonic acid in mols per litre was determined by summation of the obtained
values., When compared, these valups proved to be very much like those determined by
means of the Buch nomogrem (6).

Comparing the values calculated for the Baltic Sea surface water with the correspond-
ing values for the Caspian Sea and the ocean (table 3) it is possible to reveal those
peculiarities of correlation between various forms of carbonic acid which are characteristic

of the Baltic Sea.

~ The content of carbonates (in 7) in the Baltic Sea water .is considerably lower and
the content'of hydrocarbonates and free carbonic ecid is considerably higher then in
the Caspian Sea end in the Barents Sea waters.




Table 1 Mean values of pCO!n the 0-10 m layer of water observﬁduring 1957-1960

Time of Gulf of Finland Northern Part Central Part Southern Part Entire Sea
obgerv- extreme mean No.of extreme mean No.of extreme mean No.of extreme mean No.of

ations observ. observ. observ. ’ observ., mean
February- 5.9"7.5 5.3 - 6 4.0‘6.9 5.3 12 400-603 4:09 ) 27 4.6"605 502 16 5.0
March , . ) ’ , . ,

May 005-306 1.8 32 103"'3.4 203 32 1“6"400 203 56 1.7'5-4 5.2 20 2.3 .
August 2.0-8.1 4,0 18 2.2=4,9 3.1 34 l1.2-4.2 2.6 62 4,2-5,0 4.6 2 3.0
QOctober- 4,0-7.9 5.7 30 3.0-5,8 4,8 22 3.1-5.9 4.5 62 3.1-4.2 3.6 10 4,8
November v

Table 2

Mean gradients of increase in pCO, values for 10 m depth

extreme values On an average throughout the sea

Layer of March Mgy=-June  August October- March May-June  August October-

water in November November
0-?6 0.0~-0.9 0.0-1.1 0.0-0.,5 0.,0-0,7 0.2 . 0.3 0.3 0.2
10-20 0.0-0.6 . 0.1-2,2 0.7-3.0 0.0-0.7 0.2 0.7 1.8 0.3
,20-60‘ 0.2-1.5 0.6-34.3 0.3=2.9 1.7=3,7 0.6 1.2 1.7 2.4
60=-80 0.8-12.5 5.8-11.8 7.,9-19.1 0.6-11.1 7.6 9.1 12.1 745
80-100 3.0-8.4 1.5-6.7 0.5-3.4 1.2-5,0 - 4.2 4,0 1.7 2.7
100-200 0.0-0.6 0.4-2.2 0.0-0.4 0.0-0.7 0.4 1.0 0.2 0.3
200-300 0.0-2.8 0.0 0.0 0.0-0.1 1.4 0.0 0.0 0.0

300~-bottom 0.0 0.1 0.1 - 0.1 0.0 0.1 . 0.1 O.1
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‘ Table 3
Forms of carbonic aéid in the surface water of
the Baltic Sea (57°22'N, 19°57'E.)
the Caspian Sea (38°52'N.) and
the Barents Sea (73°N., 33°34'E.)

Baltic Sea Caspian Sea Barents Sea
Date March, 11 May, 20 September, 7-9 Juné, 7
1959 1959 1934 1930
2.38 8.07 25.24 3.8
4.13 4,09 5.36 19.38
7.48 7.41 12,74 34.99
7.91 8.31 8.42 8.37
1.509 1.480 3462 2,38
0.037 0.012 0.013 0.008
1.464 1.354 2.76 1.55
0.021 0.064 0.428 0.416
1.522 1.430 3.201 1.974
, 2.4 0.8 0.4 0.4
o 96.2 94,7 86.2 78.4
G 1.4 4.5 13.4 .
@ 1
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" Figure 1. Variations from year to year of free carbonic ac1d
' pressure in the central part of the Baltic Sea.
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Figure 3. Seasonal changes of temperature
of water (a), pH (b), pCO,
actual values (c) and pCO,
calculated values (d).-
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Figure 2. Distribution of free carbonic acid in surface water (a)
and in the water layer close to the bottom (b) in
May, 1959. :



