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CHAPTER 5
The Sulphur Cycle in Continental Reservoirs

Part I THE SULPHUR CYCLE IN LAKES AND
CONTINENTAL RESERVOIRS

M. V. Ivanov

5.1 INTRODUCTION

A quantitative assessment of biogeochemical processes in continental
reservoirs is required to model the global sulphur cycle. The most important
link in the sulphur cycle is the discharge of sulphur compounds in rivers—the
main transport mechanism supplying the world oceans with sulphur from the
zone of subaerial weathering of continents. As sulphur is transported to the
ocean (Fig. 5.1), its concentration in river-waters is raised by dry and wet
atmospheric deposition, and lowered by biological and geochemical processes
in water and bottom sediments of rivers, freshwater lakes, and water reser-
voirs, Considerable amounts of sulphur are also lost to the soil and uppermost
horizons of the lithosphere, and are removed from the global cyele in inland
drainage basins (Fig. 5.1).

This schematic picture of the transport of sulphur compounds by natural
processes is complicated by anthropogenic influences. It is into continental
water bodies, and primarily into the river systems, that the bulk of industrial
and urban sewage water, with its variety of sulphur compounds, is discharged.
Drainage waters of agricultural regions also supply sulphur compounds from
fertilizers, persistent pesticides, and livestock residues to river systems
(Fig. 5.1).

In Chapter 4 it was shown that the bulk of gaseous sulphur, resulting from
metal smelting, combustion of fossil fuels, and other processes involved in the
economic utilization of sulphur-containing minerals, is returned to the conti-
nents by atmospheric deposition processes. Quite often the dissolved oxides
of sulphur in atmospheric precipitation acidify weakly buffered soils and
freshwater lakes.
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Fig. 5.1 Sulphur cycle processes in continental water-bodies

However, the anthropogenic influence on the sulphur cycle in reservoirs is
not confined solely to the increase in sulphur concentration and acidity of the
water. In some cases the combined pollution of water with su]phﬁr com-
pounds, organic matter, nitrogen, and phosphorus leads to the activation of a
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chain of biological processes, including the primary production of organic
matter, oxvgen consumption during the oxidation of excess organic matter,
and production of hydrogen sulphide by putrefaction and sulphate reduction.

In the majority of published reviews on the processes of the global sulphur
cycle in water reservoirs, emphasis is placed on one question—the assessment
of sulphur flux in river discharge to the ocean. However, some attempts have
also been made to divide river sulphate into natural and anthropogenic phases
and to assess them separately (Berner, 1971; Friend. 1973; Granat et al.,
1976). Among the anthropogenic processes, most attention has been paid to
the acidification of freshwater lakes by acid rains.

Our work attempts to estimate quantitatively all the basic processes of the
sulphur cycle in continental reservoirs and assesses the natural and anthro-
pogenic contributions to the sulphur cycle.

5.2 THE SULPHUR CYCLE IN LAKES

The most widely occurring form of sulphur in both freshwater and brackish
lake-waters and muds is sulphate. Depending on the origin of the lake, the
form of the lake basin, climatic conditions, composition of the surrounding
rocks, and hydrological regime, the sulphate content of lake-water may vary
from several milligrams per litre, in lakes of glacial origin in the humid zone,
to a completely saturated solution (with respect to sodium sulphate) in the
salt lakes of the arid zone (Hutchinson, 1957; Kuznetsov, 1970; Posokhov,
1972; Nriagu and Hem, 1978).

Freshwater lakes are of primary importance for the economic activities of
man and, naturally, receive special emphasis in the works of limnologists.

5.2.1 The Sulphur Cycle in Freshwater Monomictic Lakes

Some information on the sulphur composition of freshwater monomictic®
lake-waters and muds is given in Table 5.1. Active circulation of water masses
is observed in all such lakes in spring and autumn, and thus the water is
saturated with oxygen twice yearly. Therefore, anaerobic conditions develop,
if at all, only in the hypolimnion of deep-water mesotrophic and eutrophic
lakes at the end of the summer stagnation period (Fig. 5.2) or, in some cases,
during winter when the lakes are covered with ice.

Despite the low sulphate content of freshwater lakes. and the infrequent,
short periods of anaerobiosis, the hydrogen sulphide concentration may reach
as much as 13-16 mg litre™' (Table 5.1) during the summer and winter stag-
nation periods. Large amounts of reduced sulphur are found in the bottom
sediments of freshwater lakes. and the numbers of sulphate-reducing bacteria
in the muds of such lakes may reach hundreds of thousands of cells per gram
of wet silt (Table 5.1),

"*Monomictic’ refers to a stratificd water body that turns over once & year.



Table 5.1

Sulphate, hydrogen sulphide and sulphate-reducing bacteria in the water and sediment of freshwater lakes

Water Sediment
Hydrogen®
Sulphate sulphide Bacteria
Depth  sulphur Hydrogen (ug g™! (107 cells
Lake Type of lake  (m) {mg litre~ ") sulphide wet silt) g ! wet silt)  References
Baikal Oligotrophic 1300 1.8 0 40-80 2.5-4.0 Gioman (1975)
Schahlsce Mesotrophic H5 8.3 4.0 + — Ohle (1954)
Baolshoi Kichier Mesotrophic 17 14.5 13.2 1462006 200 Chebotarey (1974a)
Beloye Mesotrophic 4-6  163-683 0 3-56 ¥ Sokolova and Sorokin (1957}
Yugdem Mesotrophic 15 433 0 — 1.2 Kuznetsov (1952)
Plimsee Eutrophic 40 3.3 4.0 - - Ohle (1954)
Rotsee Eutrophic i 9-12 16.1 — — Bachmann (1931}
Ebergsee Eutrophic 0.5 B.6 8.0 —_ — Ohle (1934)
Kita-Ura Eutrophic 10 — (i} 150=-300 0.2-0.3 Tezuka {1979)
Suwa Eutrophic 7 — + 120 * Tezuka {1979)
Takahokonuma  Eutrophic 7 - 0 20—-40 F Tezuka (1979)

TH,S in sediments was determined either by titration with iodine or by distillation after acidification with HCY,
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Fig. 5.2 Vertical stratification of oxygen, tempera-
ture, hydrogen sulphide, and sulphate in waters of the
egtsro]phic lake Plénsee, 30 September 1952 (Ohle,
1934

Despite such data, a viewpoint prevails in limnological literature that
sulphate-reducing bacteria in the bottom sediments of freshwater lakes play
an insignificant role in the sulphur cycle because their activity is limited by a
low content of dissolved sulphate (Kuznetsov, 1952, 1970). In recent years,
however, data have accumulated which cause us to revise this concept. For
example, it has been shown by the use of *SO%~ that sulphate-reducing bac-
teria are active in the sediments of freshwater lakes and. in some cases, they
produce significant amounts of hydrogen sulphide (Table 5.2).

The subsequent fate of this hvdrogen sulphide may vary; part of it may be
oxidized at the sediment/water interface, and part may diffuse up the water
column. In the latter case, oxidation of hydrogen sulphide occurs at the inter-
face between the aerobic and anaerobic zones of the water column and may
result in local increases in sulphate concentration in the lake-water (see
Fig. 5.2). However, it appears from the few geochemical analyses available
that a considerable part of the hydrogen sulphide formed in the bottom
sediments undergoes diagenesis with the production of pyrite and organically
bound sulphur, and thus is withdrawn from the cycle.

Recent investigations on Lake Baikal have clarified some aspects of sul-
phur cycling in freshwater reservoirs. Typical concretions of pyrite and pyr-
rhotite have been found in the bottom sediments of this oligotrophic fresh-
water lake (Bondarev, 1974). In addition, quantities of reduced sulphur, both
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in the form of acid-soluble sulphides and pyrite-sulphur, were present in nearly
all of the sediments studied in this lake (Lazo, 1977, 1980) (even in deep
water-regions down to 1200-1300 m; Table 5.3). These geochemical find-
ings, together with microbiological data and the results of labelling techniques
(Table 5.2), clearly point to the presence of active sulphate reduction in the
sediments of Lake Baikal, where the sulphate concentration in water is
known to be greater than 2 mgS litre ™',

Several studies have been made on the contents of the various forms of
reduced sulphur in bottom sediments of freshwater lakes in Japan and North
America. When comparing these data it should be borne in mind that the
various authors used different methods of analvsis and computations for par-
ticular forms of reduced sulphur, and only the contents of acid-soluble sul-
phide seemed to be estimated by similar methods.

Sediments of freshwater lakes with different degrees of contamination con-
tain appreciable amounts of acid-soluble sulphur (Table 5.4): total reduced
sulphur in the muds of the mesotrophic Lake Nakatosuno-Ko amounts to
0.17% in terms of dry silt (Sugawara et al., 1953). The bottom sediments of
brackish lakes in Japan are characterized by a markedly higher content of
both acid-soluble and pyrite sulphur. The reduced sulphur content of the
sediments of continental brackish lakes in Japan is 2%, and is comparable
with the amount found in the sediments of the highly productive regions of
seas and oceans (See Chapter 6).

Nriagu (1968, 1975), Nriagu and Coker (1976), Nriagu and Harvey (1978),
and Nriagu and Hem (1978) determined the different forms of reduced sul-
phur in lake sediments of North America. In the upper horizons of silt
deposits of the eutrophic Lake Mendota (Table 5.5) acid-soluble sulphide is
the main form of sulphur. The concentrations of acid-soluble sulphide and

total reduced sulphur are much higher in the sediments of the deep part of the
lake than in the shallow-water muds. This is explained by the annual gener-

ation of anaerobic conditions in the hypolimnion of this lake (Nriagu, 1968).

Figure 5.3 illustrates the distribution of reduced sulphur in a section of the
Lake Mendota sediment column, The upper part of the sediment accumu-
lated during the past 150 years and differs markedly in composition and
sulphur content from the marl deposits that are lower down the section.
Nriagu attributes the changes in the nature of the sediment, and the higher
concentrations of sulphur in the upper part of sediments, to the influence of
urbanization and economic development of the Mendota basin that began in
the first half of the nineteenth century (Nriagu, 1968).

Data on the sediments of two of the Great Lakes—mesotrophic Lake
Ontario and eutrophic Lake Erie—are shown in Table 5.6. The reduced
sulphur content in the surface horizons of Lake Ontario is 0.16%, while at a
depth of 2—-6 cm it increases to 0.2%, and then drops to 0.13% and remains
practically constant down to a depth of 50 cm, In the uppermost mud horizon



Table 5.2 Sulphate, sulphate-reducing bacteria and sulphate reduction rates in the sediments of freshwater likes

Sulphate Bacteria Rate
(ups g " wet (10" cells kg ' wet (pgHS g ! wel
Lake sediment) sediment) sediment per day)  Relerences
Beloye 1668 — o Daoo02-0.0011 Sokolova and Sorokin (1957)
Bolshoi Kichier 146 200 4.8-62 Chebotarev (1974a)
MNero 11.7-19.3 TOHY 0.01-0.19
Pleshcheevo 6.3-12.7 20=44) 0.016-0.16 Lapteva and Monakova (1976)
Somino 7.3 SO0 0.023
Savelyevskoye 0.7 [A}] (.005
Chashnitskoye 7 300 R
Vashutinskoye 10.7 20 0,006
Ryumnikovskoye 53 80 (015
Baikal, offshore stations - 25-4 0.023-0.213 Cioman {1975)
Sister Lake 1.7-4.7 0.6 2.30 Dunnette (1974)

Table 5.3 Reduced sulphur in clay and silt sediments of the oligotrophic Lake Baikal (Lazo, 1977, 1980)

Thickness Sulphide Free sulphur Pyrite Chrganic sulphur

Sampling Depih of sediment Total reduced sulphur
location {m) {em) (%5, dry weight basis) (% of total reduced sulphur)

135 1200 L0200 (Lo1s 16.76 17.15 28.00 3800

135 1300 BO0 0.024 7.50 5.10 76,40 11.00

162 1200 400 0,055 17.35 46.10 20.14 15.41

163 1200 320 0.0649 25.55 39.25 18.90 16.30
20044 560 850 0,040 1.66 28.00 37.33 3100

206 240 165 0,051 11.97 27.48 3428 26.27

213 900 640 0108 12.25 2111 4948 17.16
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Table 5.4 Forms of sulphur in overlying-water® and sediments of Japanese lakes

0t

Owerlying water Sediments
Tested : ) ) )
silt Sulphate Acid-soluble  Residual Fotal sulphur
Sulphate Chloride  horizons sulphur sulphur
Lake type (mg litres ") {cm) (%S in dry silt) References
Freshwater lakes
Aoki-Ko, 3.7 0.9 0-20 — 0.026-0.044 — —
olipotrophic
Kizaki-Ko, 2.1 1.2 0=20 — 0.019-0.023 — - Suparawa e al.
mesotrophic (1953}
Makatasuno-Ko, 1.0 1.7 0-21 0.001-0.003  0.021-0.028 (L113-0.147  0.136-0.173
mesotrophic
Hrackish fakes
MNakuaumi, polder — — 0-20 — 0.002 1.996 2.0 Yoneda and Kouchi
(1972)
Togo, polder —_ - 0-20 — 0,002 1.070 1.09
Lake Aburagafuchi 1150 8330 0-50 0.18-0.23 0.43-1.17 0.05-0.68 1.0-1.7 Sugarawa ef al,
(1953)
Oe-Gava River 2140 15170 0-60 e 0.43-1.98 = —

TWater laver lying immedintely above the sediment.
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Tahle 5.5 Distribution of solphur in the upper horizons of Lake
Mendota (Nriagu, 1968)

Acid-soluble Sulphate

Depth (m) Total (%S, dry weight basis) Elemental
10.7 0.048 0.028 0.005 0.0021
15.2 0.186 0.102 0.0006 0.0016
13.2 0.187 0,134 00012 0.0017
18.3 (0.221 0.158 0.0011 0.0013
229 0.420 0.350 00008 0.0028
23.5 0.397 0.326 0.0009 0.0017
253 0.425 0.360 0.0007 0.0036

acid-soluble sulphur has a light sulphur isotopic composition; within the mud
column it becomes heavier than pyrite-sulphur by 5-12%w (Fig. 5.4). This
suggests that, in the mud column, acid-soluble sulphur is the product of reduc-
tion of heavier sulphate present in pore-water,

From data on the content of reduced sulphur in sediments, and an assumed
sedimentation rate of 0.397 mg5 cm* year ' (Kemper al., 1972; Nriagu and
Coker, 1976) the annual accumulation of reduced sulphur in Lake Ontario
sediments is estimated to be ~0.082 Tg, more than two-thirds of which was
produced by sulphate-reducing bacteria,

Cll-' A C
e0
'E'4~::‘r—
£
=1
-
2 g0l o
@ s
34
o F
%o 24
JA
L ] I 1 1 L 1 I I

o 1.0 20 O 1.0 20 0O 10 20 ig
Sulphur {mg5 gm sedimant™')

Fig. 5.3 Distribution of acid-soluble (&) and total (&) sulphur in sediments
of Lake Mendota (Nriagu., 1968). The shaded area indicates the column of
marl sediments located under the laver of dark reduced sediments. (A, shallow
region; B, C, deep regions of lake)
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Table 5.6 Pore-water sulphate and reduced sulphur in the sediment of Lake
Ontario (Nriagu and Coker, 1976)

Pore water Acid-soluble Fixed Total reduced
Interval sulphate
{em) (mg litre™1) (%S, dry weight basis)
-2 14 0.037 0,120 0.157
2-4 5 0.095 0,100 0.195
46 1 0.140 0.078 0218
fi—8 =<1 0.083 0.056 0.139
E—10 <] 0.078 0.051 0.129
13-15 =] 0.073 0.060 0.135
18=20 =1 0.066 0.078 0.144
2B=-30 <1 0.078 (0.063 0141
48=50 <1 0.060 0.056 0116

The sulphur distribution in the bottom sediments of some basins of Lake
Erie is shown in Fig. 5.5. In sediments of this lake, just as in other North
American lakes. a pronounced increase in concentration of reduced sulphur
compounds is observed in the surface (see Fig. 5.5—the central basin) or
subsurface horizons (see Fig, 5.5—eastern and western basins of Lake Erie).
According to Nriagu (1975), the mean concentration of reduced sulphur in
the surface horizons of Lake Erie sediments is 1.4% (dry silt basis). From this
value and the sedimentation rate (Kemp et al., 1972) the amount of sulphur
annually incorporated into the lake sediments in reduced form can be calcu-
lated to be ~0.0745 Tg (Nriagu, 1973).

From this review of the sulphur cycle in freshwater lakes it is concluded

Isotopic composition [35‘5, Yas)
=10 (0] +10 +20
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Fig. 5.4 Variation in isotopic composition of acid-soluble
(&) and organic + pyrite (&) sulphur in a section of the Lake
Ontario sediments. (Nriagu and Coker, 1976)
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that, in spite of the low content of dissolved sulphates. the sulphur cycle in
these lakes is quite substantial. Usually sulphate reduction takes place only in
the sediments, although it can occur in the hypolimnion of deep-water and
highly productive lakes.

The geochemical result of sulphate reduction in sediments of freshwater
lakes is the accumulation of various insoluble forms of reduced sulphur.
However, the amounts accumulated vary widely (Table 5.7). This sulphur is
removed from the cycle, and therefore should be considered as a loss item in
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Table 5.7 Total reduced sulphur in sediments of freshwater lakes

Sulphur
Lake (%5, dry weight basis) References
(Migotrophic lakes
Baikal 0.018-0.108 Lazo (1980)
Huron 0.15-0.38 Kemp et al. (1972)
Mesotrophic lakes
MNakatosuno-Ko 0.136-0.173 Sugawara ef al. (1953)
Ontario 0.116-0.218 Nriagu and Coker (1976)
Eutrophic lakes
Mendota 0.186-0.425 Nriagn (1968)
Erie 0.050-0.340 Nriagu (1975)

the estimation of bath regional and global sulphur budgets. Based on the few
data given in Table 5.7, the average sulphur content in contemporary sedi-
ments of mesotrophic and eutrophic lakes 1s 0.15% (dry sediment basis). This
value is used in our calculations of sulphur flux into lake and reservoir sedi-
ments.

Brinkmann and Santos (1974) investigated hydrogen sulphide production in
high-flood reservoirs of the Amazon River. The width of the stagnant flood-
plain in the middle reaches of the Amazon, called ‘igapo’ in Brazil, is 200 km,
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Fig. 5.6 Variations in level of floodwater (1), and the upper limit of dissolved
H,5 (2) in the floodplain of the Amazon River. Vertical arrows denote the times
of H,S emission to the atmosphere {Brinkmann and Santos, 1974}
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during rising floodwater levels in the floodplain of the Amazon River
{Brinkmann and Santos, 1974)

and this area is flooded with freshet from January to late October (Fig. 5.6).
Hydrogen sulphide is produced in the lower horizons of freshet reservoirs in
the period of water rise (Fig. 5.7). The hydrogen sulphide concentration
gradually increases, and by the end of the high flood period reaches
10-17 mg litre ™' (Fig. 5.8).

In the middle of August the level of freshet falls and hydrogen-sulphide-
containing waters are exposed to the surface. This results in the degassing of
hydrogen sulphide to the atmosphere, usually during September and October
(Fig. 5.8). Based on the duration of the degassing process, and the area of
floodplain (7500 km® according to Lukashova, 1958), the total emission of
hydrogen sulphide to the atmosphere was estimated to be 0.2-0.25Tg
(Ivanov, 1979).

During the freshet in floodplain reservoirs the water layer containing hyd-
rogen sulphide is separated from the atmosphere by a layer of water contain-
ing oxygen (Fig. 5.6). However, under certain atmospheric conditions, for
example during thunderstorms, the upper water horizons of the Amazon
freshet reservoirs may cool down; then during the period when freshet is at a
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Fig. 5.8 Variations in oxygen and hydrogen sulphide concentrations during falling
floodwater levels in the floodplain of the Amazon River (Brinkmann and Santos,
1974)

high level these reservoirs are mixed, and hydrogen sulphide escapes to the
atmosphere (Fig. 5.6). This example shows that hydrogen sulphide can be
emitted to the atmosphere in significant amounts from freshwater bodies.

5.2.2 The Sulphur Cycle in Meromictic Lakes

The monimolimnions of stratified meromictic® lakes can contain appreci-
able concentrations of hydrogen sulphide., up to 740-786 mg litre™
(Chebotarev, 1974b; Hutchinson, 1957). In the chemocline in these lakes,
intensive chemical and microbiological oxidation of hydrogen sulphide to
sulphur and sulphate occurs. The concentration of photoautotrophic bacteria
in this zone is so high that the water takes on an intense red or green colour
{Kuznetsov, 1932; Sorokin, 1970; Takahashi and Ichimura, 1970; Genovese
and Bruni, 1973; Gorlenko er al., 1977),

Two types of meromictic lakes occur most widely: lakes of coastal regions
and lakes of karst origin. The first type of meromictic lake is represented by
Lake Mogilnoye on Hildin Island (in the Barents Sea) described at the begin-
ning of this century (Isatshenko, 1914), the well-studied Solar Lake, Sinai,
Lake Faro in Italy (Genovese and Bruni, 1975; Sorokin and Donato, 1975),
and a number of lakes in the coastal region of Antarctica (Matsubaya et al.

" A meromictic lake is one that is partly mixed and in which thermal turnover occurs only in the
top laver, Bottom lavers are stagnant and anaerobic.



Table 5.8 Some characteristics of the sulphur eyele in meromictic lakes

Sulphate reduction

rale Procuction
Monolimnion characteristics {mgs litre ! day= ") (mgS m? day *)
Hydrogen
Maximal Thickness Sulphate sulphide
Lake, region depth (m) (mgS litre ') (mgS lire ') Water  Sediments Water  Sediments®  References
Freshwater lakes
Sakovo, Vologda 160 11.0 272 1.0 AT 39 176 3 Ivanoy (1478)
region
Kononier, Middle 22.5 12.5 13.7 2.5 08 5.2 110 520 Chebotarey (1975)
Volga
Kuznechikha, 2000 15.0 12.0 160 0.020 36 EI] 360 Chebotarev (1975)
Middle Volga
Block Kichier, 1000 5.5 32.7 6l.5 0.016 13.3 88 1330 Chebotarev (1974a)
Middle Yolga
Vae de San 2000 10 6 1.0 0077 3.1 77 A0 Romanenko ef af,
Huan, Cuby (1976)
Rrackish lakes
Repnove, 6.5 1.5 Ti6 112 0.1 5.6 50 1560 Chebotarey ef af.
Ukraine (1973)
Veisovo, Ukraine  16.5 14.5 997 T4 0.043 2.7 625 270 Chebotarev {1975)

“Reduced sulphur production in sediments is calealnted for 10 cm thickness of mud,

1IE
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1979; Burton and Barker, 1979). The monimolimnions of these lakes usually
contain modified sea-water, and the surface-water layers are markedly fresh.
In a number of cases these lakes maintain a constant hydraulic contact with
the sea, and the biogeochemical processes occurring in them are similar to
processes taking place in gulfs and, especially, in fjords.

Meromictic lakes of karst origin are usually deep-water reservoirs of small
area formed in karst gaps in halogenic rocks. Depending on the hydrological
regime of the lake, and the salinity of the ground-waters which feed the lake,
the sulphate concentration and the level of salinity in the monimolimnions
vary widely (Table 5.8). The hydrogen sulphide concentration depends both
on the rate of sulphate reduction in lake-water and sediments and on the
secondary biogeochemical reactions taking place in the water column and
sediments: it is also extremely variable.

In most meromictic lakes, sulphate reduction is most active in the sediment
(Table 5.8). However, in some cases, the amount of hydrogen sulphide pro-
duced in the water column may be comparable with the amount produced in
the sediment or even exceed it.

A further indication that sulphate reduction occurs in the monimolimnions
of meromictic lakes is given by the results of microbiological analyses
(Fig. 5.9), and by the marked differences in the isotopic composition of hyd-
rogen sulphide obtained from the mud and water columns (Table 5.9). In all
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Fig. 5.9 Sulphate reduction rates (@) and
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Table 5.4  Concentration and isotopic composition of sulphate and hydrogen sulphide in water and sediments of meromictic lakes
{(Ivanov, 1978; Matrosov ef al., 1978)

Water column Sediments

Sulphate Hydrogen Hydrogen Hydrogen Hyilrogen
sulphur sulphide Sulphate sulphide Sulphate sulphide Sulphate sulphide
Lake (mg litre 1) (%8, Yoo) {mg litre=') (65, YY)
Black Kichier i3 6l1.5 +24.8 +5.4 132 322 +10.0 4+2.0
Gireat Kichier 17.7 13.1 +19.6 +17.1 42 146 +10.5 +4.9
Sakovo 242 8.2 +15.4 - 10.8 750 348 +10.3 —-29.7

EIE
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three karst lakes, hydrogen sulphide from the water column is more enriched
in ™S than hydrogen sulphide from the upper sediment horizons. The results
of both chemical and isotopic analyses (Tables 5.8 and 5.9) suggest the
following sequence of events. Sulphate is added to the deepest part of the
karst lake basin from ground-water discharge. Part of this sulphate is reduced
to hydrogen sulphide in the sediments and precipitated as pyrite, and the
residual sulphate becomes enriched in **S. This sulphate is transported to the
deep water of the lake monimolimnion, where further reduction of sulphate
to hvdrogen sulphide occurs. Thus, the primary characteristic of the sulphur
cycle in meromictic lakes is that sulphate reduction takes place in both the
monimolimnion and in the sediment.

The second characteristic of the sulphur cycle in these lakes is that the
boundary between oxidized and reduced zones lies not at the sediment/water
interface but in the water column in the region of the chemocline. As already
mentioned, this region also supports the mass development of micro-
organisms capable of oxidizing hydrogen sulphide. Gorlenko er al. (1977)
have provided a detailed summary of the photo- and chemoautotrophic mic-
roflora of meromictic lakes, and have described the results of numerous anal-

Tahle 5.10 Acid-soluble sulphur in sediments of meromictic lakes

Sediment Sulphur
Depth  horizon (mgS litre !

Lake (m) {em) wet sediment) References
Belovod 11 Surface 5067 Kuznetsov (1970)
15 Surface 678*
20 Surface 714°
Gek Gel 34 Surface 410
39 Surface 960
40 Surface 1780
50 Surface 4200 Sorokin (1970)
58 Surface 2700
63 Surface 4520
B3 Surface 3450
Sakovo 15 -6 48 Matrosov er al. (1978)
fh-12 114
10=20 169
Black Kichier 3 0-2 264 Chebotarev (1974a)
2=20 422
10-20 926
Repnove 6.5 0-6 912 Chebotarev er al. (1973)
6-12 TE8
12-18 126

"The content of acid-soluble sulphur in samples (% dry sediment) is 1.035, 0.755, 0.714.
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vses of photosynthetic and chemosynthetic activity in the chemocline, using
**CO,. The major geochemical result of the activity of these micro-organisms
is the complete oxidation of hvdrogen sulphide diffusing from the anaerobic
zone.

Unlike freshwater lakes. where only a minor part of the sulphur input is
buried in sediments in the form of reduced sulphur, meromictic reservoirs
seem to be characterized by high concentrations of reduced sulphur in the
sediments (Table 5.10). An assessment of the global sulphur flux into the
sediments of meromictic lakes cannot as vet be made because the number of
these lakes is unknown, and comprehensive analyvses of all reduced sulphur
compounds in their sediments do not exist. Nevertheless compared with the
amount of sulphur in seas and oceans the amount of sulphur in these lakes is
probably insignificant, and thus the flux of sulphur to these sediments can be
neglected in the global sulphur balance.

5.3 MAN'S CONTRIBUTION TO THE SULPHUR CYCLE IN
CONTINENTAL WATER RESERVOIRS

An approximate estimation of the utilization of various sulphur-containing
raw materials by man shows that, in the mid 1970s, the amount of sulphur
annually extracted in fossil fuels, sulphide minerals, and native sulphur alone,
reached 120 Tg. During the processing and utilization of the sulphur-
containing raw materials by indusiry and agriculture, the major part of this
sulphur (more than 100 Tg year ') was added to rivers and continental water
reservoirs in the form of gaseous or soluble oxidized compounds, and was
then transporied to marine reservoirs (see Fig. 5.18).

Three basic aspects of man’s contribution to the sulphur cycle in continen-
tal water reservoirs have been considered: (1) the increase in the concen-
tration of sulphate and hydrogen sulphide production in freshwater lakes: (2)
the increase of reduced sulphur in sediments of these reservoirs; (3) the
acidification of lake-water in response to atmospheric acid deposition. We
shall supplement the review of these problems with a special treatment of the
sulphur cycle in water reservoirs where, according to some authors, large
masses of sedimentary material are accumulated, and where sulphate reduc-
tion, leading to the conservation of reduced sulphur compounds, occurs.

5.3.1 Sulphate and Hydrogen Sulphide in Lake-Water

This has been studied most extensively in the Great Lakes region of North
America (Fig. 5.10). This region, in particular the part belonging to the USA,
has been very intensively inhabited and used during the past 100-130 years.
The population inhabiting the Great Lakes basin increased from 4.5 million
people in 1860 to 16 million in 1900 and to 36.3 million in 1960 (Beeton,
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Fig. 5.10 Map of the eastern part of North America showing the Great
Lakes and neighbouring basins of the Mississippi, Illinois, and Ohio
rivers (after Ackermann et al., 1970)

1965). By 1980, the population exceeded 350 million. According to
Ackermann et al. (1970), the average sulphate concentration of the Illinois
River at Peoria, Ill. and the Ohio River at Cairo, Ill., has risen from 46 to
120 mg litre™"' and from 30 to 61 mg litre™', respectively, during the past
60-70 years. They also report that the sulphate concentration in water from
the south-western shore of Lake Michigan was 5 mg litre™' early this century,
14.4 mg litre ™" in 1926, and 25.7 mg litre " in 1967 (Ackermannet al., 1970).

Figure 5.11 illustrates the results of Beeton (1965) who summarized
information on sulphate concentration in the waters of the Great Lakes avail-
able since 1850. The sulphate concentration in the water of all the lakes,
except for Lake Superior whose basin is less populated, has increased
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Table 5.11 Changes in the hydrogen sulphide concentration of the hypolimnion of
Lake Belovod from 1928 to 1964 and Lake Black Kichier from 1938 1o 1971

Depth Hydrogen sulphide
Date of analyses (m) (mg litre ') References
Lake Belovod
17.03.1928 24 4.47 Dolgov (1955)
20.08.1928 24 4.20
17.08.1937 20 7.24 Kuznetsov (1942)
09.12.1937 20 8.94
11.03.1938 20 858
30.07.1938 20 7.68
02.08,1948 20 6.50 Egorova (1951)
July 1954 20 24.0 Lyalikova (1957)
24 25.0
Winter 1955 24 40.0 Ivanov (1956)
July 1958 20 20.0 Kuznetsov (1970)
24+ 100.0
29.07.1964 21 95.0
230 152.0 Sorokin (1966)
Lake Black Kichier
13.09.1938 7 55.8 Kuznetsov (1952)
G 571
July 1971 8 39.6 Chebotarev (1974a)
8.75 61.5

“The overlying-water samples may contain an anomalously high concentration due to inclusion

of sediment.
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throughout the period of observation. Particularly marked is the increase
during the past 50-60 years.

According to Shilkrot (1968) and Rossolimo (1977), the sulphate concen-
tration in the hypolimnion of the meromictic Lake Beloye in Kosino, near
Moscow, has risen from 2-3 mg litre ' in 1923-27 t0 6.6-11.2 mg litre "' in
the summer and autumn of 1967, The hydrogen sulphide concentration in the
hypolimnion of this lake also increased (Shilkrot, 1968). In 1910-11 hyd-
rogen sulphide was not detected in the water, either during summer stagna-
tion or during winter. However in August 1938, 4.8 mg H,S litre™' was meas-
ured, and in August 1967, 5.6 mg litre”". Hydrogen sulphide contents of
lake-water below the laver frozen from November to April were as follows:
0.02-0.09 mg litre ™' in March 1931; 0.03-0.18 mg litre ' in April 1938, and
5.1-7.3 mg litre " in March 1967.

A greater increase in the concentration of dissolved hydrogen sulphide was
observed in the monimolimnion of the meromictic Lake Belovod in the Vla-
dimir region (Table 5.11)—from 4.5 mg litre ™" in 1928 to0 7.2-9.0 mg litre™
in 1937-38, and 95 mg litre ' in 1964. Lakes Belovod and Beloye are situ-
ated in industrial and densely populated regions. By contrast, in the meromic-
tic Lake Black Kichier the hydrogen sulphide concentration has not changed
for the past 33 vears (see Table 5.11). It may be considered as a control lake
since it is situated in the large tracts of forest on the left bank of the Volga
River.

5.3.2 Accumulation of Reduced Sulphur in Lacustrine Sediments

Subsurface maxima of reduced sulphur concentrations in the sediments of
Lake Mendota, Lake Ontario, and Lake Erie have already been mentioned
(Figs 5.4, 5.5 and Tables 5.5, 5.6). Nriagu attributed this phenomenon to
anthropogenic contamination of the lakes (Nriagu, 1968, 1975; Nriagu and
Coker, 1976). But the most convincing evidence of the influence of anthro-
pogenic processes upon the sulphur cycle in sediments was obtained by Kemp
er al. (1972). Thev studied the distribution of organic and mineral carbon,
nitrogen, phosphorus, and reduced sulphur in columns of sediments of three
to the five Great Lakes, the oligotrophic Lake Huron, the eutrophic Lake
Erie, and the mesotrophic Lake Ontario (Fig. 5.12). Although Kemp et al.
(1972) concluded that the reduced sulphur content of the sediments has not
changed during the past 100 years, the results in Fig. 5.12 clearly demonstrate
the increasing accumulation of practically all of the components studied, from
the older to the vounger sediments. The total sulphur concentration in sedi-
ments from Lake Erie dated 1800-1900 ranged from 0.04 to 0.08%, whereas
the concentration in 1965 sediments was 1.1%. Table 5.12 shows that the
most marked changes in sulphur occurred in the sediments of the most con-
taminated lake, Lake Erie, and the smallest changes occurred in those of
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Table 5.12 Ratios of carbon, nitrogen, phosphorus, and sulphur of contemporary
1830 sediments taken from three of the Great Lakes (from Kemp et al., 1972)

Lake Organic carbon Total nitrogen Total phosphorus  Total sulphur
Erie 3.2 3.8 27 16.8
Ontario 2.7 3.8 25 1.6
Huron 1.2 1.3 16 1.1

Lake Huron. Thus, there is definite evidence for sulphate reduction in these
sediments which has led to sulphide accumulation (see also Nriagu, 1975;
Nriagu and Coker, 1976) and which is consistent with large increases in
organic carbon in the sediments.

Sorokin (1975) studied the stimulating effect of high concentrations of
organic carbon on sulphate reduction in two Alpine lakes—Lugano and
Lago-Margory. In the sediments of these lakes, which are grossly contami-
nated with urban sewage waters and residues from pulp and paper industries,
the organic carbon concentrations are 4-5% and 2-3% respectively. Sulphate
is reduced in the sediments of both lakes at rates of 2.2 mgH,S litre ' day 'in
Lake Lugano and 14-18 mgH,S5 litre ™' day ™' in Lago-Margory. Appreciable
concentrations of acid-soluble sulphur are accumulated—from 0.23 to 0.61%
in the sediment of Lake Lugano and from 0.12 to (.78% (dry silt basis) in
Lago-Margory (Sorokin, 1975).

The data presented in the last two subsections indicate that human, indus-
trial, and agricultural activities markedly influence the sulphur cycle in conti-
nental reservoirs. First there is a noticeable increase in the concentration of
dissolved sulphate in fresh water. When not accompanied by acidification of
lake- or river-water, such increases by themselves may not be environ-
mentally detrimental—even a doubling of the natural sulphate levels would
result in concentrations of less than 100 mg litre™'.

However, an increase in sulphate concentration will often occur simultane-
ously with an increase in organic matter in the water reservoir, either from
exogenous sources or produced in the reservoir itself by photosynthesis. Such
conditions are favourable for enhanced sulphate reduction in reservoirs. This
is observed in the sediments of the Great Lakes, the Alpine lakes in Italy, and
in the waters of Lake Beloye and Lake Belovod, where an appreciable
amount of hydrogen sulphide accumulates as an indirect result of anthro-
pogenic influences. As long as lake sediments contain a sufficient amount of
reactive iron, hydrogen sulphide will be removed from the ecosystem as iron
monosulphides and pyrite. However, if the sediments become iron-deficient,
hydrogen sulphide will enter the bottom waters, causing the death of benthic
animals and plants and a marked deterioration of the oxygen status of the
whole reservoir. Such phenomena have already been observed in Lake
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Beloye where, during the last five years, forced aeration of the lake-water with
air compressors has been necessary to save the biota from hydrogen sulphide
contamination (Rossolimo and Shilkrot, 1971).

5.3.3 The Sulphur Cycle in Water Reservoirs

Intensive construction of artificial water reservoirs over all continents has
taken place during the twentieth century and, in particular, during the past
20-30 years. By 1972 their number had exceeded 10 000, and the total area
of the water surface of reservoirs had reached 400 000 km* (about 20% of the
area of the water surface of all lakes and about one-third of the area of
freshwater lakes). Water storage in these reservoirs reached 6% of the total
reserves of fresh water in lakes (Korzun er al., 1974).

Sorokin (1960, 1961), in a series of investigations carried out on the water
reservoirs of the Volga cascade, demonstrated that the sediments, and some-
times the water columns, support extremely active sulphate reduction result-
ing in the enrichment of reduced sulphur in sediments and its removal from
the global biogeochemical cycle. The sediments of three water reservoirs
contain large numbers of sulphate-reducing bacteria and high concentrations
of reduced sulphur, and exhibit active sulphate reduction. There was a
marked increase in the content of hydrogen sulphide and acid-soluble sul-
phides in the sediments of the Kuibyshevskoye water reservoir between 1957
and 1958 (Table 5.13).

In some parts of the Kuibyshevskoye water reservoir, sulphate reduction
was observed in the water column, as well as in the sediments during summer
stratification. The rate varied within the range 0.012-0.017 mg litre ™' day™
(Sorokin 1960, 1961) which is typical of the level of activity in the waters of
mesotrophic meromictic lakes (see Table 5.2); in the bottom-water layer it
reached as high as 0.2 mg H.S litre™' day™' (Sorokin 1960). The average
content of acid-soluble sulphur in 14 samples of the Kuibyshevskoye water
reservoir is 0.14% in terms of dry silt (Sorokin, 1960); i.e. it approximates the
total amount of reduced sulphur in lake sediment (Table 5.7). In the sediment
samples from the Susakansky and Cheremshansky bays of this water reservoir,
the mean concentration of acid-soluble reduced sulphur is 0,35% of dry silt,
although in some cases it falls within the range 0.68-1.05%S.

The average concentration of acid-soluble sulphur in sediments of the
Rybinskoye reservoir is approximately the same as that in sediments of the
Kuibyshevskove reservoir (viz. 0.14%). This value is markedly lower
(0.05%: Sokolova and Sorokin, 1958) in sediments of the Gorkovskoye
reservoir during the first vear of its operation only. Thus, artificial reservoirs,
like the Gorkovskoye and Kuibyshevskoye reservoirs, appear to have sup-
ported, from the very beginning, highly active microbiological sulphate reduc-
tion which has caused considerable enrichment of reduced sulphur in the



Table 5,13 Some characteristics of the sulphate reduction process in sediments of the Volga water reservoirs in 1958 (Sorokin,
1960, 1961)

Station Sulphate reducing  Sulphate reduction
depth  Acid soluble sulphur  bacteria rate?
Lake Type of sediment (m) (mg litre " wet mud) (10° cells g=*) (mgH,5 litre ! day™")
Rybinskoye, Grey sediment in the Volga 14 187 6 0.009
1955 river-hed
Grey sediment in the Mologa 13 181 12 0.049
river-hed
Dark-grey sediment in the Sheksna 12 935 48 .079
river-hed
Peaty brown sediment 11.5 209 42 L0200
Gorkovskoye, Yellowish sediment of floodlands B 51.2 363 1.43
1956 Grey sediment of floodlands 11 115.5 20 1.22
Floodland soil 3 235.0 g0 017
Grey sediment in back water [ 272.0 1 2.94
Dark-grey sediment in the Svivaga 14 68.3 12 013
river-hed
Girey sediment of Lake Yunctskoye 10 [43.5 180 3.94
Grey sediment of the Arkharovka 11 421.4 124 0.47
River
Black earth 4 2713 18 070
Kuibyshevskoye, Grey sediment of the 508.0 120 0.70
1958 Cheremshansky river-bed 18
Grey sediment of Cheremshansky 8 B35 (288) 41 368 (0.19)
Bay
Black sediment of the same region 15 Bi0  (508) 16 403 (0.71)
Grey sediment of Susakansky Bay 7 2140 18 3.95
Dark-grey sediment 6 365 (143) 3l 2.57  (3.00)
Dark-grey sediment 9 02 (50) 3000 287  (0.16)
Girey sediment of the Volga 29 266 (34) 25 036 (0.15)
river-bed

“Determined with 5075,
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sediments. The example of the Rybinskoye water reservoir indicates that this
process continues in the sediments of mature water reservoirs which have
been operational for decades.

The data of Sorokin (1960, 1961) on the reduced sulphur content of reser-
voir sediments, support the adopted value for reduced sulphur in the sedi-
ments of freshwater lakes (0.13% in terms of dry silt, see above) and suggest
that it is also valid for the calculations on the reduced sulphur flux to the
bottom sediments of water reservoirs. This value may be taken as the lower
limit for the total content of reduced compounds in the sediments of these
TEeSeTVOirs,

5.3.4 Increase in Sulphate Content, and Acidification of Lake-Water due to
Atmospheric Deposition

One of the consequences of man-made pollution of the atmosphere is “acid
rain'. Acid rain is formed by precipitation of atmospheric nitrogen and sul-
phur oxides produced during fossil-fuel combustion and other human
activities. The extent of the global emission of oxides of sulphur to the atmos-
phere is assessed in Chapter 4 of this report. In this section we consider the
problems caused by an increase in the sulphate concentration and acidi-
fication of lake-water due to acid deposition.

The progressive acidification of atmospheric precipitation during the past
20 years is now established. However, the question as to which component of
the anthropogenic pollution is responsible is still hotly debated. Sulphur
clearly plays a marked and sometimes a dominant role. Odén (1976) demons-
trated a relation between decreasing pH of atmospheric precipitation and
increasing amounts of sulphur precipitated in some regions of Sweden,
Denmark, and Norway (Fig. 5.13).

A number of reports (e.g. Wright and Gjessing, 1976; Almeret al., 1974;
Beamish and Harvey, 1972; Seip and Tollan, 1978) have noted a marked
acidification of lake-water in Scandinavia and the Laurentian shield of North
America, The average values for lake-water pH have dropped to 5.0, with the
annual rate of decrease being 0.05-0.07 of a unit (Table 5.14). The elevated
concentrations of sulphate ions in acidic lake-waters (Table 5.15) show that,
in most cases, the decrease in pH is due to sulphuric acid.

A relationship between the sulphate content of lake-water and the distance
from the local source of atmospheric contamination has been demonstrated
by Nriagu and Harvey (1978). They analysed the sulphate content in the
water of 120 lakes (Fig. 5.14) in the environs of Copper Cliff (Ontario,
Canada), where the metal-smelting plants add ~0.018 Tg5 as sulphur dioxide
to the atmosphere per day. An appreciable increase in sulphate concentration
was observed within a radius of at least 60 km from the souree of the anthro-
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Fig. 5,13 Long-term observations on the pH (@——®) and sulphate
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pogenic pollution. In lakes with buffered water the pH values did not change
significantly, even when the sulphate concentration rose to 40-87 mg litre .
In lakes with unbuffered water, distinet acidification was observed which
increased as the distance from the contamination source decreased
(Fig. 5.15). In addition. the isotopic composition of the sulphate—sulphur of
acidic lake-water appeared to be homogeneous and close to the isotopic
composition of sulphur in polluted atmospheric precipitation (Nriagu and
Harvey, 1978).

The data of Nriagu and Harvey (1978) on the Canadian lakes provide a
basis for interpreting the role of water chemistry and local rock composition
on the rate of acidification of lake-water by acid deposition. The waters of
lakes situated in areas of crystalline rocks contain few dissolved salts and a
minimal quantity of bases, and therefore their acidification by acid deposition
occurs rapidly. This has happened in the ultra-freshwater lakes of Norway,
Sweden, and some eastern regions of North America. In regions with a
developed shield of sedimentary rocks, the lake-waters are more highly buf-
fered against the acidifving effect of acid rain (Table 5.14). Therefore, the
first effect of anthropogenic pollution of such lakes via the atmosphere, viz. a
marked increase in sulphate content (Fig. 5.14), is not always associated with
an immediate marked change in pH (Fig. 5.14). It should be borne in mind,
however, that the buffering capacity of lake-water is limited, and that the



Table 5.14  Acidification of the freshwater lakes of Scandinavia and North America {Wright and Gjessing, 1976)

MNumber of Mean annual
Region lakes Early data on pH Recent data on pH change in pH
Scandinavia
Central Norway 10 T3+08 (1941) 58073 {1975) — (L5
Western Sweden coast 6 6.6 = 0.2 (1933-36) 54=08 (1971) -0.03
Western Sweden coast 8 6.8 04 (1942-49) 5609 (1971) =04
West Central Sweden 5 6.3+ 0.3 (1937-48) 47+02 (1973) —0.06
South Central Sweden 5 6.2 +02 (1933-48) 55=07 (1973) -0.03
Southern Sweden 51 6.76 = 0.14 (1935) 6.23 = 044 (1971) -0.,015
North America
La Cloche Mts, Ontario, Canada 7 6307 (1961) 49 + 0.5 (1972-73) ~ (1.0
Morth La Cloche Mits 7 6.6 = 0.8 (1961) 59+ 0.7 (1971) -0.07
Adirondack Mis, New York 8 6.5 + 0.6 (1930-38) 4.8 0.2 (19649-75) —0.05
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Table 5,15 Anion composition of lake-water in regions with acidic and moderately acidic precipitation (Wright and Gjessing,

1976)
Number Sulphate
Region of lakes Witer pH  Bicarbonate Chloride (meq litee ') Mitrate
Lakes in regions with acidic precipitations
Scandinavin
Southern NMorway 20 4.76 11 = 26" T1 %= 45" 100 = 23" 4+ 20
11 0 u2 4
Western Sweden coast 12 4.37 0 440 200 ]
0 155 8
West Central Sweden 4 4.66 170 = 90 200 = 70 19+ 4
0 1 80) 19
MNorth America
Li Cloche Mts, Ontario 4 4.7 t 22+ h 290 + 40 —
1 i 290
Sudbury environs, Oniario 4 4.5 8x32 50 = 20 B00 + 290 —
i i AN
Lakes in regicns with moderately acidic precipitation
West Central Norway 23 52 138 46 = 21 33+ 8 52
13 {l 30 5
Region of experimental lakes, Canada 40 5.6-6.7 6l 40 ol 1.5
()] 0 55 1.5

"On the upper ling the average data for the group of lakes are given; on the second line the excess sulphate caleulated from the proportion of sulphate

1 ehboride i marine wiater s shown.
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continuous addition of acid rain to lakes of this type will lead, sooner or later,
to appreciable acidification and unfavourable ecological consequences.

A detailed consideration of the ecological effects of lake-water acidification
is not the aim of the present subsection. and it has already been discussed
comprehensively by many ecologists, chemists, and biclogists (Almer er al.,
1974; Beamish and Harvey, 1972; Hendrey er al., 1976; Schofield, 1976;
Seip and Tollan, 1978; Kramer, 1978; and others). Suffice it to say that a
decrease in lake-water pH is associated with a drastic reduction in the number
of biological species found in water reservoirs—from phytoplankton to fishes.
The biomass of organisms and the level of primary production are also
depleted.

5.4 ESTIMATES OF SULPHUR REMOVED FROM THE GLOBAL
CYCLE BY BIOGEOCHEMICAL PROCESSES IN CONTINENTAL
WATER RESERVOIRS

As mentioned above (see Fig. 5.1), not all of the sulphur which finds its
way into rivers by weathering and human activity reaches the ocean. Part of
the sulphur is deposited, mainly in the form of reduced compounds, with the
sediments of freshwater lakes and water reservoirs, and part accumulates in
inland drainage basins, for example the Caspian Sea. In both cases this sul-
phur is withdrawn from the contemporary sulphur cycle by its burial in
sediments.

5.4.1 Sulphur Flux to the Sediments of Freshwater Lakes and Water
Reservoirs

Uspensky (1970) estimates the average sedimentation rate in lakes to be
0.18 gem ™ year ', This value approximates the lowest of the annual sedi-
mentation rates calculated for the Great Lakes—Lake Erie, 0.54 gem™;
Lake Ontario, 0.32gcm™; Lake Huron. 0.15gem™ (Kemp er al.,
1972)—and may be used for the assessment of the sulphur flux to the bottom
sediments of all freshwater lakes, the total area of which may be as high as
1 236 000 km* (Korzun et al., 1974). Assuming an area of reduced sediments
equivalent to 75% of the total area of lakes (Nriagu and Coker, 1976; Nriagu,
1975), and an average sulphur content of 0.15%, we estimate the total sul-
phur flux to sediments of freshwater lakes to be 2.5 TgS year™'. Similar
assumptions have been made in assessing the annual deposition of sulphur in
sediments of water reservoirs. Glimph's (1973) data indicate that 1800 Tg of
sediments are accumulated annually in water reservoirs in the USA, with a
total area of 60 000 km” (Gorshkov, 1980). By extrapolation, the total world
water reservoirs (area 400 000 km?) will annually accumulate 20 000 Tg of
sediments and 13.5 TgS. The sulphur flux to the sediments of all freshwater

lakes and reservoirs, therefore, totals 16 TgS year™'.
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This value is considered to be tentative only and, in all probability is an
underestimate. since even though the total sulphur content in lake sediments
has not been adequately studied, in most cases it exceeds the value (0.15%S5,
dry weight basis) used in the calculations (see Table 5.7)

5.4.2 The Sulphur Flux to Inland Drainage Basins

Figure 5.16 shows that inland drainage basins occupy vast land areas,
particularly in Australia (51.3% of the total land), Africa (31.9%), and
Eurasia (28.5%). The total area of the inland drainage basins amounts to
30.2 x 10° km® or 20% of the total land surface. Only 7.6% of the atmos-
pheric precipitation is involved in the global moisture turnover in these reg-
ions, and rivers accounts for only 2% of the outflow. Nevertheless, consider-
able amounts of sulphur are transported in these regions by river discharge,
because the total mineral content of river and lake-waters of arid regions is
high (Korzun er al. 1974).

Data on the sulphate ion flux for two regions of the USSR without external
runoff have been published by Zverev (1971). For other continents informa-
tion is available on the total ion flux and river-water discharge, from which an
average value for the mineral content of the water can be calculated (Table
5.16). In assessing the annual sulphate flux to the inland drainage basins, it is
assumed that the proportion of sulphate in the ion flux of the relatively poorly
mineralized waters of Africa, South America, and Asia approximates that in

Tahle 5.16 Estimates of the annual sulphur flux to inland drainage basins

Sulphate flux
River Mineral
flux lon flux® concentration (% of ion
Territory {(km*) (10° tonnes) (mg litre™") (Tg year™!) flux year!)
Europe” 305 BY.0 291 18.95 213
Kazakhstan and
Middle Asia®
(USSR) 104 475 457 11.40 240
The rest of Asia 354 80.5 227 16.0 20.0
Africa 158 29.0 183 5.8 20.0
South America 59 4.0 68 0.8 20,0
North America 13 5.0 333 1.25 250
Australia 9 10.0 1110 2.5 25.0
Total 1004  2635.0 264 56.7 —

*All figures, except those referring 1o Europe, Kazakhstan, and Middle Asia, are taken from
Korzun e af, (1974),

"The flux from the Ewropean continent is taken from the data on the Caspian Sea basin
(Zverev, 1971).

“Data of Zverev (1971).
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the river water of the Caspian Sea basin (about 20%), and that the more
mineralized river-waters of the North American and Australian territories
without runoff to the oceans have a sulphate content close to that of the
waters of Kazakhstan and Middle Asia (ie. 25% of the total ion flux). The
annual flux was calculated to be 19 TgS.

The total amount of sulphur removed from rocks by weathering, includes
sulphate that is dissolved, and subsequently redeposited in the form of salis.
Within the USSR, the salt-affected areas occupy 3.5 x 10°km’, and the
amount of sulphate accumulated over this territory is about 4.7 TgS (Zverev,
1971). Thus, the total amount of sulphur removed annually from the global
biogeochemical cycle by processes occurring in continental water reservoirs
amounts to 35 TgS, of which 19 TgS are transported to the water reservoirs of
the inland drainage regions, and 16 TgS are fixed in the bottom sediments of
freshwater reservoirs.

Part I SULPHUR FLUX FROM CONTINENTS
TO OCEANS

M. V. Ivanov, V. A. GRINENKO AND A. P. RABINOVICH

As shown in Chapter 4, about 100.5 TgS year ' is transferred from conti-
nents to oceans through the atmosphere. In this section we attempt to assess
the amount of sulphur transported to oceans in river runoff and to estimate
the relative contribution of various natural and anthropogenic processes to
this flux.

5.5. SULPHUR FLUX IN RIVER RUNOFF

Estimates of global sulphur transport in river runoff vary between 73 TgS
year ' (Robinson and Robbins, 1970 and 136 TgS vear' (Friend
1973). This broad spectrum of estimates is the result of different metho-
dological approaches to the assessment of this flux. Another reason for the
variability is that some authors take into account both natural and man-made
sulphur emissions, while others consider only the natural sulphur sources.

As the steadily increasing consumption of sulphur-containing fuels and
sulphur minerals is followed by an increase in atmospheric and hydrospheric
pollution. the assessment of natural sulphur emissions is of paramount impor-
tance for a better understanding of the influence of man on the global bio-
geochemical sulphur cycle, and for predicting future trends in these fluxes
from models of industrial and agricultural development.





