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CHAPTER 5

Human Influence on the Sulphur
Cycle

PETER BRIMBLECOMBE, CLAUS HAMMER, HENNING RODHE, ALEXI

RYABOSHAPKO AND CLAUDE F. BOUTRON

Before considering recent changes in the sulphur cycle it is necessary to
have a clear understanding of the current status. One of the most recent
reviews, SCOPE 19, presented a picture of the global biogeochemical
sulphur cycle and, in particular, considered the atmospheric component of
the cycle (Ivanov and Freney, 1983). This work is based on global sulphur
cycles developed by Eriksson (1960). Junge (1963), Robinson and Robbins
(1968), Kellogg et ai. (1972), Friend (1973) and Granat et ai. (1976). This
is a rapidly developing field; within a period of just a few years our ideas
about the sulphur cycle may change (due to publication of new data) and
the cycle itself may be noticeably altered by human activity. This introduction
provides a critical review of the SCOPE 19 data on the natural and manmade
inputs to the sulphur cycle and introduces the necessary corrections.

The global anthropogenic emission of sulphur to the atmosphere was
estimated as 113 Tg (S) a-I in SCOPE 19. This value includes sulphur
emission as sulphur dioxide-98 Tg (S) a-I, as sulphate-12 Tg (S) a-I and
as reduced sulphur compounds-3 Tg (S) a-I. These estimates were based
on extrapolation from data of Cullis and Hirschler (1980) which evaluated
oxidized sulphur emission to the atmosphere as 110 Tg (S) a-I in 1980. This
value appears to be somewhat overestimated due to high emission factors
adopted by the authors. Recently Moller (1984a) has reviewed the emission
factors and estimated the anthropogenic flux of oxidized sulphur as
74.9 Tg (S) a-I in 1977 and 90 Tg (S) a-I in 1985. The data given by Moller
are in good agreement with results obtained by Varhelyi (1985) who
estimated the world anthropogenic emission in 1979 as 80 Tg (S) a-I.

As pointed out in SCOPE 19, part of sulphur dioxide is further oxidized
to sulphate, in flues, and subsequently released to the atmosphere. The
sulphate fraction in emission depends on the ash content of fuel and
combustion technology. In SCOPE 19 the fraction was assumed to be 10%.
Adoption of this estimate gave 1985 global sulphur emissions, as sulphur
dioxide 80 Tg (S) a-I and that as sulphate 10Tg (8) a-I, There are no
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new data for re-evaluating anthropogenic emission of reduced sulphur,
3 Tg (5) a-I, even though the accuracy of the estimate is still extremely
low.

On the basis of the above mentioned, the following conclusions can be
made: in the mid-1980s total anthropogenic sulphur flux to the atmosphere
is 93 ::t 14Tg (5) a-I, the sum including80 Tg (S) a-I as sulphur dioxide,
10 Tg (S) a-I as sulphate and 3 Tg (S) a-I as reduced sulphur compounds.

A number of estimates of the atmospheric input of reduced sulphur
compounds from the ocean, including coastal regions, were published
between 1980 and 1984. Barnard et at. (1982), Nguyen et at. (1983), Cline
and Bates (1983), and Andreae and Raemdonck (1983) have convincingly
shown that the ocean is an important source of atmospheric reduced sulphur
as dimethyl sulphide (OMS). The uncertainty in the estimates is large and
the flux value of 20 ::t 20 Tg (S) a-I given in SCOPE 19 has to be improved.
More recent estimates of the ocean-atmosphere flux of sulphur as OMS
range from 20 to 50 Tg (S) a-I, the mean value being 35 Tg (S) a-I.

The flux of gaseous sulphur from coastal waters was assumed to be 5 ::t

5 Tg (S) a-I (in SCOPE 19). Varhelyi and Gravenhorst (1981), Nguyen et
at. (1983), Jaeschke et at. (1980), Hitchcock and Black (1984), and Aneja
et at. (1982) showed the existence of reduced sulphur emisison in coastal
waters, but the level of uncertainty remains high. The value of 5 Tg (S) a-I
can be taken as an average value, which coincides with the estimate given
by Aneja et at. (1982). The error in the flux value is probably ::t 4 Tg (S) a-I.

The estimates of sulphur flux as H2S, OMS, CS2, COS, etc. from the
continents remain extremely uncertain. In SCOPE 19 the value of
16 Tg (S) a-I was obtained from a calculation using measured concentrations
of reduced sulphur in the continental atmosphere and assuming the mean
residence time to be 1 day. Varhelyi and Gravenhorst (1981) believe it to
vary from 1 to 8 Tg (S) a-I. In the case of a 12-hour residence time given
by Jaeschke et at. (1980) the flux should be supposed to be about double
this value. Adams et at. (1981) estimated the flux as 64 Tg (S) a-I. Oelmas
and Servant (1983) carried out an interesting study aimed at evaluating soil
sulphur emission in humid tropical forests. Extrapolating the values obtained
to the total area of tropical forests they estimated a global reduced sulphur
flux to the tropical atmosphere as 25 Tg (S) a-I. Thus it seems realistic to
assume that the mean atmospheric flux of reduced sulphur over the continents
is 20 ::t 15Tg (S) a-I. This gives a total flux of reduced sulphur to the
atmosphere of 60 Tg (S) a-I, a value which almost coincides with the
estimate of 70 Tg (S) a-I made by Moller (1984b).

Compared with earlier versions of global sulphur budgets, SCOPE 19
provides a significantly increased atmospheric input of volcanic, aeolian and
sea salt sulphur. Such increases have been supported by a number of recent
publications. Similar sea salt sulphur fluxes to the atmosphere are given by
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Petrenchuk (1980), Varhelyi and Gravenhorst (1983), Blanchard and
Woodcock (1980). Petrenchuk (1980) and Schiitz (1980), and Kushelevsky
et al. (1983) present rather increased inputs of aeolian dust of high sulphur
content comparied with earlier published data. This enables us to retain an
unchanged aeolian emission of 20 :t 10 Tg (S) a-I. The volcanogenic sulphur
flux of 28 Tg (S) a-I assumed in SCOPE 19 is probably close to the upper
limit for such emissions. Latest publications agree that the flux significantly
exceeds the 3 Tg (S) a-I given by Granat et al. (1976) by adding a large
fumarolic contribution. In particular, Cadle (1980) believes that volcanic
emission varies from 20 to 30 Tg (S) a-I. According to Berresheim and
Jaeschke (1983) the mean annual volcanic emission is 11.8 Tg (S) including
7.6 Tg (S) as S02, 1 Tg (S) as HsS and 3.2 Tg (S) as sulphate. It is interesting
to note that according to the cited authors S02 emission during the intervals
between eruptions is 14 times greater than that during eruptions. Berresheim
and Jaeschke (1983) estimate from their measurements an average rate of
post-eruptive volcanic sulphur emission of about 135Mg (S) d-I and applied
this to 91 volcanoes. For an additional 374 volcanoes they used significantly
lower figures for the sulphur emission rate. Lein (1983) used a similar figure
for emission but applied it to all 573 active volcanoes. Berresheim and
Jaeschke (1983) argue that their estimate is a lower limit. We agree and
regard that of Lein as an upper limit, so we are not likely to be much in
error if we adopt 20 :t 10 Tg (S) a-I as an average volcanic emission in our
calculations. We assume that one-half of the volcanic sulphur is released to
the continental atmosphere, while the rest goes into the atmosphere over
the ocean. Since COS and CS2 are relatively uniformly distributed in the
Earth's atmosphere, corresponding sulphur fluxes are modelled by distribut-
ing them between the continental and oceanic atmosphere in proportion to
the area of continents and oceans.

The global sulphur budget has been derived from the values adopted
by SCOPE 19. This is desirable because the fluxes were estimated using a
large and reliable database based on many years of field observations.

5.1 THE CYCLE TODAY

5.1.1 Introduction

The present day biogeochemical cycle of sulphur, described in the
introductory section, is significantly affected by anthropogenic processes
(Ivanov and Freney, 1983). Some of these anthropogenic processes are easy
to identify and have been reasonably well quantified, e.g. emission of S02
to the atmosphere during fossil fuel combustion and the application of
sulphur-containing fertilizers to agricultural land. Other processes of potential
importance are less well known. The purpose of this section is to discuss,
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and where possible quantify, the various processes by which man may
influence the sulphur cycle.

Table 5.1 summarizes the current global values for the sulphur fluxes to
and from the atmosphere. It includes the estimates modified from SCOPE
19. Sulphur is transported from lithosphere to other reservoirs through the
natural process of rock erosion and human activity. Erosion processes can
only be called 'natural' with reservations. In fact, human activity greatly
promotes both wind and water erosion of the surface lithosphere layer. Anthro-
pogenic extraction of sulphur from the lithosphere is carried out in two
principal ways: (1) deliberate extraction of sulphur as native sulphur and as
sulphides (during metal extraction), (2) as an undesirable contaminant during
fossil fuel combustion. Total flux of extracted sulphur is 150 Tg (S) a-t,
93 Tg (S) of which is annually released to the atmosphere, 28 Tg (S) is
introduced into soils together with fertilizers and the remaining 29 Tg (S)

Table 5.1 Major fluxes of the global atmospheric sulphur budget, Tg (S) a-t (figures
in brackets stand for possible range of flux values)

Transport from the oceanic to the
continental atmosphere

Flux

Anthropogenic emission SOz, SO~-
Volcanic activity, SOza
Aeolian emission, SO~-
COS and CSz emission
Natural terrestrial emission, DMS, etc.
Natural emission in coastal oceanic waters,
HzS, DMS, etc.
Natural emission from open ocean, HzS,
DMS, etc.
Sea salt emission, SO~-

Precipitation removal over the continents
Dry deposition over the continents, SO~-
Absorption by the continental surface, SOz
Precipitation removal over the oceans
Dry deposition over the oceans, SO~-
Absorption by the ocean surface, SOz

Transport from the continental to the
oceanic atmosphere

a Half of volcanic emission is contributed to the oceanic atmosphere.
b 1.5 Tg (5) a-I is contributed to the continental atmosphere.

SCOPE-19 Present
(1983) work

113 (94--132) 93 (79-107)
28 (14--42) 20 (10-30)
20 (10-30) 20 (10-30)
5 (3.5-6.5) 5 (3.5-6.5)h

16 (4--30) 20 (5-35)
5 (0-10) 5 (1-9)

15 (0-30) 35 (20-50)

140 (77-203) 144 (77-203)

51 (37.5-64.5) 51 (38-64)
16 (5-47) 16 (5--47)
17 (7-27) 17 (7-27)

230 (160-300) 230 (160-300)
17 (3-48) 17 (3-48)
11 (5-17) 11 (5-17)

20 20

100.5 81
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are discharged, as industrial waste waters, directly into rivers. Thus, rivers
receive nearly all the sulphur that is deposited from the atmosphere on the
continental surface, sulphur from mineral fertilizers, sulphur from waste
waters and sulphur contributed through natural erosion by water. However,
there may be some delay (decades long) before the sulphur appears in
surface waters.

Figure 5.1a schematically presents the current global sulphur cycle (Figure
5.1b shows the prehistoric cycle). It can clearly be seen that the main source
of mobile sulphur is the lithosphere and its final sink is the world ocean.
Some part of sulphur recycles within the 'continental atmosphere-soil'
system, but most of it is transported from the continental atmosphere to
the oceanic one. The bulk of both oxidized and reduced sulphur of oceanic
origin returns from the marine atmosphere back to the ocean. Judging from
a balanced sulphur budget it seems necessary to suppose that sulphur flux
from the continental atmosphere to the oceanic one is about 80 Tg (S) a-I,
while the opposite flux is 20 Tg (S) a-I. Such an imbalance is certainly the
result of anthropogenic emission, which at present accounts for about 55%
of total sulphur input to the continental atmosphere.

The anthropogenic influence on the sulphur cycle largely takes place in
the following ways:

(a) The emission of S02 (and smaller amounts of other sulphur species)
into the atmosphere from the use of fossil fuels and industrial processes.

(b) Increased mobilization of sulphate from rocks and soils through
mining and agricultural practices which lead to an increased sulphur
concentration in river runoff.

(c) Increased aeolian emission of sulphate-containing dust into atmosphere
from dry land surfaces caused by farming and animal husbandry practices
and by an increased exposure of salty lake sediments.

(d) An increased production of volatile sulphur compounds (e.g. DMS) in
coastal seawater due to fertilization by nitrate, phosphate and organic
materials.

(e) Changes in the rates of chemical transformation of sulphur compounds
in the atmosphere-and thereby also changes in transport and fallout
patterns-caused by modifications of the chemical climate, e.g. a changed
concentration of hydroxyl radicals over industrialized regions.

We want to emphasize that the increased mobilization of sulphur caused
by processes (b), (c) and (d) and the modification according to process (e)
should also be regarded as anthropogenic although these processes are not
directly caused by industrial emissions. The fourth process is the result of
biological processes, but changes in the flux may arise through human
activities.
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5.1.2 Changes in industrial emission to the atmosphere

Modern man extracts huge amounts of various minerals from the lithosphere
to satisfy his economic needs. In most cases minerals contain sulphur either
as an impurity or chemically bound with the extracted material. As a rule,
industrial activity involves oxidation of the sulphur from sulphides or the
elemental form to a four- or six-valent state.

The main way in which sulphur is introduced into the environment is
through the combustion of fossil fuels, the production of metal or the
extraction of native sulphur. Five main types of human activity can be
identified as sources of sulphur in the atmosphere (Afinogenova, 1982):

(a) Fossil fuel combustion for the production of heat or electricity.
(b) Processing sulphide ores of non-ferrous metals.
(c) Ferrous metal production including coke production and use.
(d) Oil refining and treatment of oil products.
(e) Sulphuric acid production from native sulphur.

Figure 5.1a Scheme of the global sulphur cycle for the mid-1980s.
(1) Aeolian emission, SO~-, 20 Tg (S) a-I;
(2) volcanic emission into the continental atmosphere, S02, H2S, SO~-,

10 Tg (S) a-I;
(3) anthropogenic emission into the atmosphere, S02, SO~-, H2S, 93 Tg (S) a-I;
(4) emission of long-lived sulphur compounds into the continental atmosphere, COS,

CS2, 2 Tg (S) a-I;
(5) emission of short-lived sulphur compounds into the continental atmosphere,

H2S, DMS and so on, 20 Tg (S) a-I;
(6) emission of short-lived sulphur compounds into the atmosphere from coastal

regions of the ocean, DMS, H2S, 5 Tg (S) a-I;
(7) emission of short-lived sulphur compounds into the atmosphere from the open

ocean, DMS and so on, 35 Tg (S) a-I;
(8) emission of long-lived sulphur compounds into the oceanic atmosphere, COS,

CS2, 3 Tg (S) a-I;
(9) volcanic emission into the oceanic atmosphere, S02, H2S, SO~-, 10 Tg (S) a-I;
(10) emission of sea salt aerosol sulphur from the ocean, SO~-, 144 Tg (S) a-I;
(11) anthropogenic output from the lithosphere SO~-, S2-, 150 Tg (S) a-I;>.~
(12) weathering and water erosion, SO~-, 72 Tg (S) a-I; ",cj
(13) waste waters, SO~-, 29 Tg (S) a-I;
(14) mineral fertilizers, SO~-, 28 Tg (S) a-I;
(15) river runoff into the ocean, SO~-, 213 Tg (S) a-I;
(16) scavenging from the atmosphere on the continental surface, SO~-, S02,

84 Tg (S) a-I;
(17) scavenging from the atmosphere on the oceanic surface, SO~-, S02, 258 Tg

(S) a-I;
(18) transport from the oceanic atmosphere into the continental one, SO~-, S02,

20 Tg (S) a-I;
(19) transport from the continental atmosphere into the oceanic one, SO~-, S02,

S2-, 81 Tg (S) a-I.
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Fossil fuels contain sulphur in the form of organic compounds (in oil,
coal, gas, peat, shale and wood), as the metal sulphides (in coal and shale),
and as sulphate (in coal, shale and wood). The sulphur content of fuels can
vary within wide limits. The cleanest type of fuel is natural gas (sulphur
content is about 0.05%), but in contrast, certain kinds of coal contain
organic- and pyrite-sulphur up to as much as 7% by weight. During the
process of combustion organic- and sulphide-sulphur is oxidized to sulphur
dioxide and to a lesser extent sulphur trioxide. On a global scale, the fraction
of sulphur that is deliberately removed from flue gases is very small.

The sulphur content of sulphide ores of non-ferrous metals can equal or
even exceed the amount of extractable metal. During ore processing and
metal smelting sulphide-sulphur is almost completely oxidized to sulphur
dioxide. In many cases the sulphur dioxide concentrations in flue gases are
so high that it is profitable to collect and utilize it for the production of
sulphuric acid. On a global scale, 30-40% of the sulphur from sulphide ore
processed in non-ferrous smelters is converted to sulphuric acid.

Emissions in ferrous metallurgy are from the agglomeration processes
which involve ore heating and sintering with a simultaneous burn-out of
impurities including sulphur. Sulphide-sulphur contained in the ore is almost

Figure 5.1b Scheme of natural prehistorical global sulphur cycle.
(1) Aeolian emission, SO~-, 10 Tg (S) a-I;
(2) volcanic emission into the continental atmosphere, S02, H2S, SO~-, 10 Tg (S)

a-I;
(3) emission of long-lived sulphur compounds into the continental atmosphere,

COS, CS2, 2 Tg (S) a-I;
(4) emission of short-lived sulphur compounds into the continental atmosphere,

H2S, DMS and so on, 20 Tg (S) a-I;
(5) emission of short-lived sulphur compounds into the atmosphere from coastal

regions of the ocean, DMS, H2S, 5 Tg (S) a-I;
(6) emission of short-lived sulphur compounds into the atmosphere from the open

ocean, DMS and so on, 35 Tg (S) a-I;
(7) emission of long-lived sulphur compounds into the oceanic atmosphere, COS,

CS2, 3 Tg (S) a-I;
(8) volcanic emission into the oceanic atmosphere, S02, H2S, SO~-, 10 Tg (S) a-I;
(9) emission of sea salt sulphur from the ocean, SO~-, 144 Tg (S)a-I;

(10) weathering and water erosion, SO~-, 72 Tg (S) a-I;
(11) scavenging from the atmosphere on the continental surface, SO~-, S02,

32 Tg (S) a-I;
(12) scavenging from the atmosphere on the oceanic surface, SO~-, S02, 207 Tg (S)

a-I.
(13) tra~sport from the oceanic atmosphere into the continental one, SO~-, S02,

S2-, 20 Tg (S) a-I;
(14) transport from the continental atmosphere into the oceanic one, SO~-, S02,

S2-, 30 Tg (5) a-I;
(15) river runoff into the ocean, SO~-, 104 Tg (S) a-I.
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completelytransformedto gasesin the form of sulphur dioxide. Sulphur
dioxide emission from agglomeration processes is mainly dependent on
sulphide-sulphur content in ore. In addition to this, there is a contribution
from the sulphur released during the production of coke.

Sulphur is mobilized in nearly all stages of oil refining. Malyshev et at.
(1963) have shown the sulphur balance in a typical refinery, processing oil
with a mean sulphur content of about 2%. The bulk of sulphur (80%)
remains in oil products, the sulphur being in much higher concentrations in
the high-boiling fractions. About 8% of the sulphur is released from the
refinery into the atmosphere as the dioxide. The remaining 12% is partly
utilized, partly introduced into solid processed products (coke, asphalt, etc.)
and partly discharged into waste waters.

In the production of sulphuric acid, sulphur is oxidized to the dioxide and
then to trioxide. Since not all the dioxide is oxidized to trioxide, the former
can be partially emitted into the atmosphere. In the past sulphur dioxide
emissions of 30 kg per tonne of sulphuric acid produced were typical.
However, technical improvements have reduced this emission factor, so that
in spite of increased worldwide production of suiphuric acid the atmospheric
sulphur oxide emissions from this source are decreasing. Sulphuric acid
production currently represents less than 1% of the total anthropogenic
sulphur emission into the atmosphere.

Estimates of anthropogenic sulphur dioxide emission into the atmosphere
for individual countries or regions and the world as a whole are based on
statistical data concerning the use of sulphur-bearing raw materials,
production of various kinds of goods, and data on weight emission factors
per unit raw material or output. Using such an approach Moller (1984a)
estimated that in 1977 the anthropogenic oxidized sulphur flux into the
atmosphere was 75 Tg (S) a-I. Varhelyi (1985) studied emission distribution
all over the globe. According to her data main emission sources are
concentrated in Europe (43.8%) with a significant contribution from North
America (24%) and Asia (23%). The estimates placed three-quarters of
emission from the USSR in Europe and one-quarter in Asia. As expected
the bulk of emission (92%) is associated with the northern hemisphere.

A number of researchers (Robinson and Robbins, 1968; Cullis and
Hirschler, 1980; Moller, 1984a; Ryaboshapko, 1983) have tried to assess
historical trends of anthropogenic sulphur emission into the atmosphere.
Figure 5.2 shows the growth of anthropogenic sulphur emission since the
middle of the last century (Moller, 1984a). The data in the figure indicate
that global sulphur emission into the atmosphere has increased twentyfold
over the past 120 years. Figure 5.2 also shows the trends in atmospheric
sulphur emissions in the USA (Husar and Halloway, 1983), Europe without
the USSR (Bettelheim and Litter, 1979; Moller, 1984a), and the USSR
(present work). It can be seen that emission growth was typical of all
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Figure 5.2 Temporal change of the global sulphur emission from anthropogenic
sources. Emissions in the USA, in Europe (without the USSR), in the USSR

(Russia), and in other countries are shown separately

countries. Until recently it could be assumed that the increase of atmospheric
sulphur emission paralleled the economic growth rate of a given country.
However, nowadays the situation has changed, and the rate of reduction of
sulphur emissions may become a measure of economic development.

5.1.3 Changes in the riverine flux

Sulphur, in both the dissolved state and solid state, is carried by rivers to
the ocean. The origin of sulphur in river water is chemical and mechanical
weathering of bedrock, atmospheric input due to sea salt sulphur, industrial
emissions from power plants, fertilization by superphosphates and ammonium
sulphate, mining and processing of ore and municipal and industrial liquid
wastes.

The estimates of the input of dissolved (ionic) sulphur to the ocean are
based on the product of the mean concentration of SO~- in the largest
rivers and the discharge of all rivers to the ocean. There are three estimates
of particular interest (see Table 5.2). One is by Meybeck (1978) who used
data on 40 major rivers and estimated that the annual flux of dissolved

sulphur is 105 Tg (S) a-I. His estimate is based on a total water discharge
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Table5.2 A comparisonof recentestimatesof riverinesulphur flux

of 3.74 X 10]6 I a-I and a mean. concentration of sulphur equal to
2.8 mg (S) 1-I.The concentration is lower than that calculated by Livingstone
(1963) (3.7 mg (S) I-I) and the more recent data of Ivanov et at. (1983) and
Husar and Husar (1985) (3.2 mg (S) -1).

The estimate by Ivanov et al. (1983) was based on the data of Livingstone
(1963), Alekin and Brazhikova (1964), Gibbs (1972) and Depetris (1976).
They estimated that the flux of ionic sulphur excluding manmade pollution
is 104 Tg (S) a-I by examining the SO~- ICl- ratio. The recent estimates of
the sulphur concentration are a little different, but they consider the annual
flow of water to be about 4.2 x 1016I a-I after the work of Korzon et at.

(1974).
Ivanov et at. (1983) then estimated the manmade contribution to the

transport of dissolved sulphur to the ocean. They considered annual emissions
of anthropogenic sulphur into the atmosphere and the consumption of
sulphur by industry, including production of fertilizers to derive an annual
flux of anthropogenic sulphur to rivers. They conclude that 104 Tg (S) a-I
is supplied by man to rivers and transported to the ocean. Therefore,
208 Tg (S) a-I dissolved sulphur is transported from continents to the ocean.
If the discharge by world rivers used by Ivanov et at. (1983) is taken, then
the mean concentration of sulphur dissolved in rivers today is calculated to
be 4.9 mg (S) I-]. The concentration of sulphur in smaller rivers draining
industrial parts of the world has increased significantly during the last
century; for example, the increase is five fold in the Elbe river which drains
central Europe. Such data are not available for the largest of the world's
rivers. The increase in the concentration of sulphur in those rivers during

Husar and
Meybeck Ivanov et al. Husar

(1978) (1983) (1985)

Number of rivers considered 40 **** 54
Total water discharge 1016I a-I 3.74 4.24 4.1
Mean ionic sulphur concentration 2.8 4.9 3.2
mg (S) I-I
Natural sulphur flux via rivers

**** 104 46-85
Tg (S) a-I
Anthropogenic sulphur flux via

**** 93 46-85
rivers Tg (S) a-I
Total flux via rivers Tg (S) a-I

**** 208 131-170

**** = not determined.
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this century should be carefully evaluated so that we can understand the
importance of both the direct anthropogenic inputs and the indirect inputs
from such processes as erosion resulting from human activity. This is
especially necessary because not all of the sulphur consumed by various
industries is directly transferred to rivers. Ivanov et at. (1983) estimate that
on a global scale 104 Tg (S) a-I arises from human activities. This may be
nearer the present situation than the slightly lower values of Husar and
Husar (1985) which are based on older river water analyses. The correction
may be particularly important for Europe and North America.

Besides the dissolved sulphur, rivers transport particulate sulphur to the
ocean. Meybeck (1977) estimated that 28 Tg (S) a-I is transported in
suspended state. This estimate is based on the data for the total solid load
in rivers (1.55 x 104Tg a-I), the mean contents of sulphur in shales
(2 x 10-3 gig), and the mineral fraction of total suspended solids, 90%.
The new data on the transport of sediment by rivers are 1.35 x 104Tg a-I
for suspended solids and 1 to 2 X 103Tg a-I for bedload and flood discharges
(Milliman and Meade, 1983). This suggests that the original estimate by
Meybeck is reasonable. Even if we assume that soil rather than shale is a
typical representative of the particulate matter in rivers, the estimate would
not change much because the mean concentration of sulphur in soils is about
3 x 10-3 gig.

The above data indicate that the contribution of particulate sulphur to its
global flux from continents to the ocean is small compared to the transport
of dissolved sulphur. This is probably the reason why we have so little
knowledge about the forms of particulate sulphur and their origin.

In conclusion, there are very few reliable data on the natural and
anthropogenic fluxes of sulphur from continents to the ocean via rivers.
One possible way to determine the anthropogenic influences is to compare
the historical and present chemical analyses of river water and study the
fluxes of sulphur in small representative catchments which would represent
various climatic, morphologic, geological and anthropogenic conditions. Such
studies may give quantitative indications of the balance between geochemical
and biochemical natural processes and anthropogenic processes that control
various stages of the global cycle of sulphur.

5.1.4 Changes in aeolian contribution

The atmospheric transport of sulphur-bearing soil dust particles due to wind
is usually a characteristic of arid regions of the globe. Wind erosion accounts
for not less than 5000 Tg of dust annually released into the atmosphere
(Schlitz, 1980), the dust containing about 20 Tg of suphur (Ryaboshapko,
1983). The aeolian input of dust (including sulphur) to the atmosphere is
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commonly considered a natural flux. Nevertheless, the impact of human
activity on the flux magnitude is beyond doubt.

The earliest anthropogenic impact on aeolian emission and biogeochemical
sulphur cycle as a whole was probably connected with the development of
grazing, particularly with sheep and goat breeding. Intensive pasturing in
dry regions (possibly coupled with climatic changes) results in the degradation
of the plant cover and upper soil layer promoting erosion by the wind
(Prospero and Nees, 1977). This process, which began two to three thousand
years ago, led to continued desertification of vast areas of central Asia, the
Middle East and northern Africa. The conditions prevailing in the above
regions are characterized by frequent dust storms which lift large amounts
of sulphur-bearing soil dust into the air and transport the particles great
distances.

Another important anthropogenic factor that increases aeolian emissions
is the development of irrigative farming in arid zones. Ploughing in itself
promotes wind erosion. Besides this, inadequate irrigation techniques result
in salinization of the upper soil horizons and an increase in the sulphur
content of the soil dust layer. According to Takhtamyshev (1971) the sulphur
concentration in the upper soil layer and soil dust can increase fivefold, as
the land is brought under cultivation and reach up to 10 000 ppm. The
process of soil salinization was even observed in the ancient civilizations of
the Middle East and central Asia. Modern irrigation techniques make it
possible to avoid salinization or at least slow down the process. However,
huge amounts of sulphur in the form of soil dust are still lifted to the
atmosphere today, over the vast areas of saline soils that have appeared as
a result of human activity.

The Aral Sea region (Kazakhstan, USSR) is a vivid example of the
anthropogenic impact on aeolian emission (Grigoryev, 1985). The water of
rivers draining into the Aral Sea is so intensively used for irrigation that
the flow into the sea has been drastically reduced. Exposed bottom areas
are covered with a porous layer of sediment with a high salt content. The
atmosphere now receives from 0.1 to 1 Tg (S) a-I along with the dust from
such areas. The Aral Sea will probably disappear completely within 20--30
years. As a result, 104Tg of sea salt containing about 300 Tg (S) will be
available for aeolian transport.

It is difficult to give a quantitative assessment of anthropogenic impact
on aeolian sulphur emission. Since over the human history more than
half the area of the world's arid zone has been, to various degrees, subject
to human activity, so it is probable that about a half of aeolian sulphur
flux to the atmosphere is related to man-induced changes. The review
SCOPE 19 estimates the present aeolian sulphur flux as 20 Tg (S) a-I
(Ryaboshapko, 1983). In prehistoric times the value may have been
10 Tg (S) a-I. However, this estimate, based on the above, is purely
speculative at the moment.
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5.1.5 Changes in emission of reduced sulphur compounds

It is known that discharges of nutrients, mainly phosphate and nitrate, from
municipal and industrial sources to lakes and coastal waters lead to an
increased rate of primary production in these water bodies. Since there are
some indications of a positive relation between the production of DMS in
surface water and the primary productivity (Andreae and Barnard, 1984),
man could influence the emission of DMS from these fertilized water bodies.
It is not certain whether there is a linear relationship between primary
productivity and DMS release, because the distribution of phytoplankton
species is an important consideration. According to our estimates it is
unlikely that man's influence on the production of DMS from seawater
through the input of nutrients is significant for the global sulphur budget.
More subtle interactions are conceivable as a significant fraction of the DMS
produced by microorganisms in the ocean is oxidized in photosensitized
reactions (Brimblecombe and Shooter, 1986). If anthropogenic activities
increase the concentration of photo sensitizers in coastal waters through
agricultural runoff of organic compounds, then the effective flux of DMS
to the atmosphere could be reduced.

5.1.6 Changes in chemical processes in the atmosphere

Emissions of air pollutants have substantially affected the chemical climate
within the industrialized regions of the world. The most obvious changes
are a lowering of the pH in cloud and rainwater caused by sulphur and
nitrogen compounds and an increased concentration of oxidant (mainly ozone
and probably hydroxyl radical) caused by emission of NOx, hydrocarbons and
carbon monoxide. On the other hand, if the concentrations of NOx are high
(above a few ppb) they will actually decrease the concentration of hydroxyl
radical (Rodhe et al., 1981). These changes in chemical climate are likely
to influence the rate and oxidation of various trace species of both
anthropogenic and natural origin. Thereby the rate of removal and the
transport scales could be affected. It should also be pointed out that in
remote parts of the troposphere where the concentration of NOx is very
low the atmospheric concentrations of methane and other hydrocarbons may
lower the concentration of the hydroxyl radical.

It has been suggested that the increased concentration of hydroxyl radical
in the atmosphere over Europe, and other industrialized regions, would
cause a rapid oxidation of DMS emitted from the oceans and transported
in over the industrial region. Part of the observed peak in sulphur deposition
could then be due to an anthropogenic influence on the natural sulphur
flux: an anthropogenic sink rather than an anthropogenic source.

A rough estimate of the magnitude of this additional sulphur deposition
over Europe can be made as follows. Let us accept that an upper limit for
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the averageconcentration of DMS in marine air at the European west coast
is taken to be 200 ng (S) m-3. Such concentrations are higher than those
reported earlier for the Atlantic (Barnard et al., 1982) and the Gulf of
Mexico (Andreae and Barnard, 1984) but in agreement with recent
measurements from the remote Pacific (Andreae and Raemdonck, 1983).
With a scale height of 1000 m, a length of the coastline of 2 x 106 m and
a mean westerly airflow in the 0-1000 m layer of 5 m S-I, the annual flux
of DMS in over the European continent would be less than about 0.06 Tg (S).
This flux is insignificant in comparison with the European anthropogenic
emission of 28 Tg (S) a-I (Dovland and Saltbones, 1979) and the total
deposition of about 20 Tg (S) a-I.

Thus, it does not seem likely that DMS from the ocean contributes
significantly to the peak in sulphur deposition over Europe. However, the
flux estimated above (0.06 Tg (S) a-I) can not be taken to represent the
total contribution of DMS to the European sulphur budget. This is because
a substantial fraction of the S02 and sulphate carried by the winds from the
Atlantic may well be seconqary products of oceanic DMS emissions. Despite
this it is possible for DMS emissions to be very high in some coastal regions
in late spring and early summer. This could have some impact on the local
sulphur concentration (Turner and Liss, 1985).

5.2 RECORDS OF PAST CHANGES-ANTHROPOGENIC AND
NATURAL

.5.2.1 Introduction

An alternative way of assessing the anthropogenic influence on the present
sulphur cycle is to study available records of past fluxes. Such fluxes are
mainly associated with the accumulation of sulphate in ice and lake sediments
(MARC, 1985). Some direct measurements of past sulphate concentrations
in rainwater and river water also exist. Direct measurements go back to the
mid-19th century, but reliable data covering a wide area are confined to the
second half of the 20th century (see Section 5.2.2). The information on
sulphur fluxes contained in ice cores from the central regions of polar ice
sheets and some ice caps is direct, in the sense that they consist of well-
preserved and well-layered frozen past precipitation. These layers can be
dated with great certainty (Hammer et al., 1978).

The natural sulphur fluxes can be studied from such records over a ten
thousand year time span, but in order to use the records as indicators of
the variability and range of natural sulphur fluxes, it is necessary to select
a time period, which shows a reasonable resemblance to present climatic
conditions. It is desirable, however, that the time period include the climatic



Human Influence on the Sulphur Cycle 93

variations, which have occurred since man changed from his hunting habits
to more permanent settlement.

Most of the last inter-glacial period (Holocene) covering some 11 000
years may serve well as such a reference period. It represents our own
climatic age, apart from the first few millennia after the last glacial, and
offers some of the most detailed records of Quaternary phenomena: ice
sheets, ice caps, lake sediments, soils, peat bogs, tree rings, etc. Only some
of these records are useful for studies of past sulphur fluxes. Among the
latter type of records ice sheets and ice caps are of particular interest. These
are restricted, almost entirely, to the polar regions of the Earth and are
situated remote from major population centres. The latter factor makes
them excellent data sources for studying the extent to which sulphur pollution
reaches the low and mid-troposphere at remote places (see Section 5.2.3).

The composition of lake sediments is less directly related to the atmospheric
sulphur concentration, but they are much more widespread and many are
situated in areas where the impact of local or regional pollution is a matter
of great concern.

To what extent the different source regions for atmospheric sulphur
contribute to the sulphur concentrations found in the various records depends
of course on the geographical site as well as on the type of record.

5.2.2 Historical analyses

The earliest systematic measurements of solute in precipitation were started
at Rothamsted in England in 1853. There are indications that the sulphate
levels may have doubled in the century since 1880, but there is no way of
checking their reliability (Brimblecombe and Pitman, 1980). Early analysts
had great difficulty in determining sulphate and this is illustrated by the
variability in Figure 5.3 which shows deposition estimated from early
precipitation analyses from the USA (Data sources are given in the similar
figure for nitrate in Brimblecombe and Stedman (1982)). Measurements of
sulphate in precipitation in central Russia at the beginning of this century
indicate concentration levels that are about a factor of three lower than
those measured in the same area during the 1970s (Bulatkin and Maksimova,
1978). Some early data are summarized in the review of Eriksson (1952).

Since 1955 many stations in the European Air Chemistry Network (EACN)
have monitored the ionic composition of precipitation (Rodhe et at., 1984).
The data from EACN indicate that the sulphate levels in precipitation in
Scandinavia increased by about 50% between the late 1950s and the late
1960s. Since the early 1970s the levels probably have decreased by some
20% (Rodhe and Granat, 1984). A comparison between measurements of
sulphate in precipitation in the USA carried out in 1957 with similar
measurements in the late 1970sshows no clear trend.
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Figure 5.3 Determinations of sulphate deposition in eastern North America showing
wide variability. Circles, annual measurements; rectangles, longer averages

There are numerous early analyses of river composition, but as yet these
have not been widely used in studies of historical change, e.g. early US
Geological Survey data of the type that can be found in Clarke (1924).
Beeton (1965) used data for the Great Lakes of North America to show a
doubling in sulphur concentrations in some of these inland waters over the
last century.

5.2.3 Ice cores

Storage of information on the past composition of the atmosphere in ice
cores requires a number of favourable conditions. Survival depends, most
importantly, on preservation of the ice. A prerequisite for deducing ancient
levels of atmospheric sulphur concentrations (or impurities in general) from
ice cores is that local 'in air' and 'in ice' concentrations can be related. This
is only possible under certain glaciological and meteorological conditions
(Junge, 1975; Hammer, 1985a). These conditions are only satisfied in polar
regions so it is not surprising that most data on sulphur and other trace
substances in ice cores have been obtained from the more central parts of
Antarctica, the Greenland Ice Sheet and various ice caps in the Arctic.

There are now numerous available data on the sulphate content of the
ice sheets of Antarctica and Greenland, though most of the early data must
be used with care. For Antarctica, see Lorius et at. (1969), Doronin (1975),
Cragin et at. (1977), Delmas and Boutron (1978, 1980), Korotkevitch et at.
(1978), Delmas et at. (1982), Aristarain et at. (1982), Herron (1982), Legrand
and Delmas (1984) and Palais and Legrand (1985). For Greenland, see
Koide and Goldberg (1971), Weiss et at. (1975), Cragin et at. (1974, 1975),
Herron et at. (1977), Busenberg and Langway (1979), Davidson et at. (1981),
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Herron (1980, 1982), Herron and Langway (1985) and Neftel et al. (1985).
There are presently less available data on glaciers outside the polar regions;
Davies et al. (1982), Wagenbach et al. (1983), Punning et al. (1984) and
Astratov et al. (1986).

It should be emphasized that the sulphate concentrations to be measured
are very low, especially in the remote regions of Antarctica and the
Greenland Ice Sheet, where background values are in the 6-35 ng (S)/g
(H2O) range. Contamination problems during 'in field' sampling, transpor-
tation, storage and laboratory analysis must then be carefully taken into
account by various methods; e.g. cross-sectional analysis of the cores may
be necessary in order to check the penetration of outside contamination,
especially in the upper 60 m of ice sheets, which is very porous. It is also
important to check the reliability of the sulphate data by other means. One
way to do this is measuring all the other major ions simultaneously (H+,
Na+, HN,t, K+, Mg2+, Ca2+, Cl-, NO.3 and organic ions such as methane
sulphonate) and verifying that the ion balance is satisfied (see Figure 5.4a,
Legrand and Delmas, 1984). However, this procedure does not guarantee
against contaminated samples, as ion balance must also exist in these ices.
Establishing the ion balance is also an important step in order to suggest in
which chemical form sulphur was present in the atmosphere (see Figure
5.4b). Most sulphate appears to be present as H2SO4'
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The simultaneous determination of all major ions has been greatly
improved by advances in ion chromatography, though the important H+
concentration must be determined by other techniques. The H+ concentration
can be determined by pH related measurements, (e.g. via acid titration
(Legrand et al., 1982), correcting for ambient air CO2 (Hammer, 1980),
avoiding ambient air) or by solid electrical conductivity measurements on
the ice (Hammer, 1980). The solid conductivity technique has the advantage
of being performed direclty on the cleaned ice core surface, thus reducing
contamination problems. Furthermore it is fast and has a spatial resolution
of a few millimetres along the core. The method measures only the strong
acids in the core and ambient air problems are absent.

. As can be seen in Figure 5.4, H+ is an important cation and its
concentration is generally (though not always) quite close to the sum of the
nitrate and sulphate concentrations (see Figure 5.5, Hammer, 1983). The
latter holds only for the Holocene and not for the whole glacial period. In

(sot) + (NO3) and (W)

IJ equiv./kg ice
1 2 1 20 3
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Figure 5.5 Seasonal variations in (SO~-) + (NOn and (H+) as measured by ECM
(electrical conductivity method-Hammer, 1980, 1983) on deep ice from the antarctic

Byrd core: Age approximately 1000 years. (from Hammer, 1983)
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principle it is recommended 'that H+ be determined by more than one
method, but for practical reasons, that can only be accomplished on selected
samples, Some ice cores are several kilometres long and the present
techniques only allow a few trace substances to be measured both with a
high resolution and in a continuous way,

The early data on sulphur concentrations in ice cores were hampered by
unrecognized contamination problems, but even more recent data are not
free from such problems. Most of the data published in the 1980s are no
doubt correct, but that does not per se secure a true picture of the sulphur
flux during past times: sampling frequency, glacio-meteorological noise and
'in ice' to 'in air' concentrations are problems which have to be dealt with,
for each drill site, before a 'true' local air concentration can be inferred
from ice cores.

The final step, which is to relate local air concentrations of sulphur to
changes in the source regions and source strength, is more complicated and
modelling of atmospheric transport processes must in principle be undertaken.
For some purposes such a strict procedure is not necessary and from already
published studies we may conclude:

(a) The mid-tropospheric natural sulphur load only varied within a factor
of approximately 2-3 during the last 10 000 years (in 5-20 year averages).
The published data are too few to allow a precise estimate of the
variability; also, most authors do not state how many years their samples
represent. Cragin et al. (1975), de Angelis et al. (1984), Palais and
Legrand (1985) and Herron and Langway (1985).

(b) Volcanism played an important role in determining the variations of the
mid-tropospheric sulphur load during the past 10 000 years (see Figure
5.6, Hammer et al. (1980) and Hammer (1985a)).

(c) Anthropogenic sulphur has increased the northern hemisphere mid-
tropospheric sulphur load 2-4 times the natural load since last century.
The increase is most evident in the last two decades (Neftel et al., 1985);
see Figure 5.7. No similar increase has been observed in Antarctic ice
cores (Delmas and Boutron, 1980); see Figure 5.8.

(d) During the last glacial period the mid-tropospheric sulphur load was
strongly increased in both hemispheres (as compared to the Holocene),
but a quantitative assessment of the various causes and sources is
complex.

In order to elucidate the above findings, the more recent data from
Antarctica and Greenland ice cores will be discussed in the following
sections. Sampling sites are shown in Figures 5.9a and 5.9b.

Central East Antarctica is a low accumulation area (less than approximately
5-10 cm (H2O equiv.) a-1, while the higher accumulation area in West
Antarctica corresponds to a low accumulation area in Greenland.
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Figure 5.6 The influence of volcanism on mid-tropospheric acidity (set out in black)
over the northern hemisphere, as derived from the Greenland Camp Century ice
core (see Figure 5.9b). The measurements are based on ca 10 000 individual acidity

measurements but are presented in 100 year samples. From Hammer (1985a)

Antarctica
Low accumulation of snow in Central East Antarctica means that the data

covering the last century have been obtained from the upper very porous
fim, but as extreme care was taken during sampling and measuring (Delmas
and Boutron, 1980) we can rely on the findings: sulphate is found to be
deposited both as a primary and secondary aerosol. Primary aerosol is sea
salt, but it accounts for less than 10% of the total sulphate. The secondary
aerosol source is H2SO4 ('excess sulphate'), and may be of biogenic and/or
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Figure 5.7 Annual (SO~-) in a shallow core from Dye 3, South Greenland. The
general trend is shown with a spline-smoothed curve. From Neftel et al. (1985).
Neftel et al. claim that the Katmai eruption in Alaska is clearly seen in the acidity
record of Dye 3; this is not true. This is indirectly demonstrated by the authors'
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Figure 5.8 Variations of SO~- concentrations in snow deposited at Dome C, central
East Antarctica, during the last century. Agung and Krakatoa eruptions are clearly

detected (modifiedfromDelmasand Boutron,1980)
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Table 5.3. Geographic South Pole, Antarctica: estimation of the relative contri-
butions to sulphate deposition on snow for a volcanic and a non-volcanic time
period. Concentrations are given in ILequiv 1-1. Percentages are relative to total

sulphate. From Legrand and Delmas (1984)

volcanic origin (Delmas and Boutron, 1980; Legrand and Delmas, 1984).
The relative contributions of the sources are illustrated in Table 5.3.

Antarctic data (Delmas and Boutron, 1980) clearly indicate that the
influence of anthropogenic sources of sulphur is negligible in the most
remote regions of the southern hemisphere. This is to be expected because
the largest part of anthropogenic emissions occur in the northern hemisphere.
Various major volcanic eruptions such as Agung Bali 1963, Krakatoa 1883
and Tambora 1815 left the Antarctic ice cores with enhanced sulphate

Years 1959-1963 1964
non-volcanic period volcanic period

Total SO- (mean) 0.95 3.03
Sea salt - 0.08 (8%) 0.08 (2.5%)
Excess SO-

volcanic < 0.09 « 9%) 2.15 (71%)
non-volcanic 0.8 (> 83%) 0.8 (> 26.5%)
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concentrations (Delmas and Boutron, 1978, 1980; Legrand and Delmas,
1984, see Figure 5.8). Similar increases in sulphuric acid concentration in
Greenland ice cores have been observed after major volcanic eruptions,
though HCI and HF sometimes contributed to the volcanic acid fallout
(Hammer, 1977; Hammer et al., 1980; Herron, 1982). This raises the
question as to what extent volcanic activity determines the natural sulphur
load of the mid-troposphere. Both in Central Antarctic and Central
Greenland ice cores sea-salt sulphate contributes little to the total sulphate
concentration during the Holocene. Volcanic and biogenic sulphate should
therefore account for a large part of the natural sulphate in ice cores. As
major volcanic eruptions are so clearly detected by sulphate peaks in ice
cores it is reasonable to assume that more moderate and minor eruptions
must add substantially to the sulphur load of the mid- and upper atmosphere.
Presently the precise nature of the sulphate background in ice cores can
only be roughly assessed. The changing climate can also have an influence
on the sulphur concentrations in ice cores, but for the Holocene we need
much more data before an accurate assessment can be undertaken.

A particularly interesting case of climatic influence on sulphur fluxes is
registered in the ice cores, which reach back into the last glacial period.
The Antarctic deep ice cores of Byrd, Vostok and Dome C demonstrate an
increase of sulphur in precipitation, as compared to the Holocene (Korotke-
vitch et al., 1978; De Angelis et al. 1984; Palais and Legrand, 1985). The
sulphate concentrations are found to be especially high during the last stages
of the Wisconsin ice age. The corresponding enhancement factors (as
compared to the Holocene) are estimated to be about 1-5 (Byrd) and 2-3
(Vostok and Dome C). The causes of these high late glacial sulphate values
are still not well understood. It has been suggested that they could be due
to an increase of volcanic or biogenic productions, but it is more likely that
they are due to enhanced glacial aridity, a stronger atmospheric circulation
(Petit et al., 1981) and/or a 2-3 times lower precipitation in the polar regions
(Hammer, 1985a, 1985b). However, it must be remembered, that the data
obtained in East Antarctica come from a region of very low precipitation
and therefore dry fallout may also have contributed to the sulphur
concentrations (Legrand and Delmas, 1984).

Greenland

Until recently the sulphur data covering the 20th century, from the
Greenland Ice Sheet, suffered from either inadequate sampling frequency or
contamination problems. One of the reasons for the lack of data over the
20th century was, in fact, a fear of contamination in the porous ice cores
covering this time period; hence most data were obtained from in situ pit
studies. Such pits only cover a few very recent years, but the risk of
contamination in pits is lower. The data of Herron (1982) suggested a 2-3
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fold increaseof sulphate over Greenland, comparedto the natural sulphate
level of the mid-troposphere, but until recently (Neftel et al., 1985) this
finding was controversial. The continuous data now available (1 year
averages) covering the time period 1895-1978 (see Figure 5.7) clearly indicate
an anthropogenic influence. The obvious increase during the late sixties and
in the seventies can hardly be explained solely by volcanic eruptions. There
was no obvious climatic trend in the period, hence a climatic cause for the
increasing deposit of sulphate can be ruled out. The data are from the Dye
3 region in South Greenland where the annual precipitation varies. around
40-70 cm (H2O equiv.) a-I as shown in Figure 5.9b. One would expect a
similar increase in the more isolated parts of Central Greenland, but no
similar data on sulphur concentrations are available at present.

The continuous acidity profile from the Central Greenland Crete ice core,
covering the years 553-1972 AD (Hammer et al., 1980, see Figure 5.10),
shows no increase in acidity due to anthropogenic activity, but the influence
of volcanism is evident. Figure 5.11 shows examples of enhanced sulphate
concentrations due to volcanic eruptions for the Dye 3 core (Herron, 1982).
It is unlikely that the mid-tropospheric sulphate is present in the Crete core
as neutralized sulphuric acid, because neither NH3 nor other neutralizing
trace substances are sufficiently abundant to accomplish this. The lack of a
continuous sulphur profile over the 20th century part of the Crete core
forces us to look for an explanation for the 'missing' anthropogenic acidity
trend. (See Table 5.4 for typical Greenland ice core impurity composition.)
The fact that Crete is more isolated and at a higher elevation (3170 m above
sea level) than Dye 3 (2490 m above sea level) can hardly explain the
'missing' trend. The most probable explanation seems to be a combination
of three facts: at Dye 3 the increase of sulphur is most clearly seen when
the years 1965-1981 are included-the Crete core ends in 1972; earlier in
the century the anthropogenic trend may be masked by short-term climatic
changes and varying volcanism; finally the acidity (from pH measurements)
data over the 20th century were difficult to correct for ambient CO2 influence
(Hammer et al., 1980). New ice cores from Central Greenland, obtained in
1984, suggest that an increase in acidity can, in fact, be seen over the years
1970-1983. However, without the latter period included, this is less evident.

Of the anthropogenic sulphur releases in the lower troposphere only a
small fraction reaches the fairly well-mixed troposphere, but even small
volcanic eruptions add to the mid-tropospheric sulphur load by direct
injection, whereas seawater sulphate contributes little. Thus the main part
of the natural sulphur concentration in polar ice cores (Holocene) can be
ascribed to two sources-volcanism and biogenic activity, as in the case of
Antarctic ice cores. Volcanic activity may be responsible for a large fraction
of the natural sulphur in ice cores during the Holocene. This is suggested
by the fairly stable climate over the past 8-9000 years, the low average
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Figure 5.10 Mean acidity of annual layers from AD 1972 to 553 in the ice core
from Crete, Central Greenland. Acidities above the background, 1.2 ::'::0.1 jJ.equiv
H+ kg-1 (ice), are due to fallout of volcanic acids, mainly H2SO4, from eruptions
north of 20oS.The ice core is dated with an uncertainty of ::'::3 years at AD 553,
which makes possible the identification of several large eruptions known from
historical sources, and the accurate dating of the Icelandic Eldgja eruption shortly

after the settlement that was completed AD 930. From Hammer et al. (1980)

concentrations of dust in Greenland ice cores over the same period and the
data in Figure 5.10.

In Figure 5.6, 10000 measurements of acidity in the Camp Century deep
ice core (northwest Greenland, see Figure 5.9b), shown as 100 year averages,
may be used to estimate the average contribution of volcanic sulphur to: the
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Figure 5.11 Dye 3, Greenland: detailed variations of the concentrations of sulphate
in four sections of the 901 m deep ice core. The major concentration peaks are
interpreted as follows:
(a) eruption of Eldgja, Iceland, estimated at 934 AD.
(b) eruption of unknown origin estimated at 535 AD.
(c) Krakatoa eruption 1883 AD in lowermost interval.
(d) eruption of unknown origin estimated at approximately 40 Be. From Herron
(1982)

atmospheric load. More data are needed in order to use the ice core for
such a purpose, but if the Camp Century data are used as 'a rule of the
thumb', an estimate can be given. Volcanism contributed an estimated
0.7-3.0 Tg (S) a-I to the whole atmosphere. This estimate is based on
Greenland ice core data and it holds whether one uses the procedure of
Hammer (1977; Hammer et al., 1981), or uses ice concentrations of sulphur
and northern hemisphere average precipitation to estimate mid-tropospheric
sulphur fluxes. In Figure 5.6 a large part of the acidity (80%) is due to
HN03, but N03" concentrations show less variability than SO~-, probably
due to a more uniform stratospheric source (Risbo et al., 1981). The large
uncertainty in the estimate is due to the uncertainty of where the eruptions

Table 5.4 Typical bulk impurity composition of the Greenland Ice
Sheeta. From Hammer (1983)

a Post Wisconsin ice excluding organic material.
b fLgkg-l of ice.
C fLequiv kg- J of ice.

dustb 50
anions' cations'

NO] 1.0 H+ 1.2
SO- 0.5 NH: 0.3
CI- 0.5 Na+ 0.4

Mg2++Ca2++K+ 0.1
sum of anions 2.0 sum of cations 2.0
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took place, climatic changes, etc. It is, however, important to notice that if
volcanism contributed more than 0.7-3.0 Tg (S) a-lover the last 10 000
years, a large fraction of the sulphur must have remained in the low
troposphere. Ice core data give an uper limit to the change in sulphur budget
in the troposphere.

As in the case of Antarctic ice cores, Greenland samples suggest high
sulphate concentrations (Cragin et ai., 1974; Herron and Langway, 1985),
the main differences between the two hemispheres being due to the larger
land masses and continental shelves in the northern hemisphere; hence the
enhancement factors are higher for Greenland. Although the results from
Central Greenland are less clear than South Greenland a threefold increase
appears to arise through anthropogenic activities. The picture in the Antarctic
remains uncertain.

5.2.4 Lake sediments and soils

A major problem with these sources of information on changes in the
sulphur budget is the difficulty in relating atmospheric sulphur concentrations
to those measured in cores or pitwall samples. It is a more complex problem
than is the case for ice and precipitation samples. In the latter case we are
dealing with direct atmospheric precipitates, thus avoiding the influence
from complex sedimentation processes, exchanges within the sediments and
the complicated changes induced by geological, ecological and environmental
conditions (see, for example, Wright, 1982). Even under favourable
conditions it is not clear if observed sulphur concentrations in the sediments
can be quantitatively related to ;ltmospheric deposition rates. In addition
the changes in sediments may sometimes reflect not only changes in the
atmospheric flux, but also changes in surface water chemistry, brought about
by industrial and agricultural developments.

The influence of anthropogenic pollution has been observed in numerous
records from lake sediments, soils and peatbogs, but most data are from
indirect or direct acidification studies or trace metal analyses of, for example,
Pb, Hg, Cu and Zn (MARC, 1985). Indirect data on acidity can in some
cases indicate anthropogenic influence or natural variations thousands of
years back in time (Renberg and Hedberg, 1982; Battarbee et ai., 1985),
but it requires additional models and assumptions to derive sulphur records
from such data.

Another problem is the dating of these records: the dating cannot compete
with the precise dating of ice cores, but for many purposes the Pb210method
(covering the last two centuries) or the 14C method are satisfactory. The
dating of soils is usually less precise, due to the low sedimentation rates and
the mixing of various components within it. For all three types of sedimentary
records it is important to note that the dating of a certain stratigraphical
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level only means that certain components of that level have been dated;
exchanges between layers via mobile phases of sulphur components have to
be taken into consideration.

Sulphur accumulation in lake sediments due to anthropogenic activity can
be demonstrated in a number of ways:

Comparison of sedimentary sulphur content in lakes from watersheds in
regions with high and low sulphur deposition rates.

Comparison of suphur content of younger sedimentary layers exposed to
high sulphur deposition rates with that of older sedimentary layers from
periods with low sulphur deposition rates. The sedimentary layers have
been accurately dated by fission products (bomb test period) and 21OPb.

Comparison of isotopic composition of sulphur from sediments in zones of
high and low sulphur deposition rates or from sediments from different
layers in a zone of current high deposition rates.

Data from a number of lake sediments in Canada and the eastern USA
show a marked enrichment of sulphur in the most recent sediments (Cook,
1980; Nriagu and Coker, 1983; Nriagu, 1984; Thode and Dickman, 1983;
Mitchell et at., 1984; Holdren et at., 1984; Fry, 1986). Enrichment factors
(present-day concentrations divided by pre-industrial values) of up to 9 have
been reported for lakes near the smelters at Sudbury, Ontario, and 2-5 in
areas with no local sources of pollutant sulphur. The few data available also
show that the flux of excess sulphur into the lake sediments is accompanied
by a significant shift in the isotopic composition of the sulphur (Nriagu and
Coker, 1983; Thode and Dickman, 1983). The onset of accelerated deposition
of sulphur in the sediments has generally been dated to between 1850 and
1890, corresponding to the beginning of indu'strialization of the source
regIOns.

The available information thus points to the fact that the sulphur
enrichment of the recent lake sediments in North America is related to the

general environmental pollution with sulphur. However, it is not clear
whether the enrichment factors observed can be related quantitatively to
changes in atmospheric deposition rates. This arises because it is difficult to
relate the sediment data to a particular time period for the following' reasons:

Different sedimentation rates in different watersheds.

Sediment focusing: the finer particles-of sediment with the highest sulphur
content are deposited in the deepest part of the lake.

Variability within layers may be greater than differences between layers; in
principle this does not exclude a valid record.

Productivity of lakes may vary due to inputs of other nutrients at different
times and so influence the accumulation of sulphur in the sediments.
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Oxidized surface layer can influence the transport of sulphur across the
sediment-water interface.

Similar problems, as for lake sediments, arise in the determination of
atmospheric pollution by analysing a time series of soils for total sulphur
content:

Unless the position of soil sampling is accurately defined, it is difficult to
take corresponding soil samples years apart.

Even if the original site can be accurately determined, natural spatial
variability may be so great that increases due to atmospheric sulphur
fluxes are not apparent.

Comparison between samples analysed by workers many years apart may
be invalidated by the methods of analysis. Early methods were unreliable
and usually resulted in low sulphur concentrations being obtained.

Increased deposition rates can be shown along a transect from a source of
high pollution. These observations can be invalidated if changes in soil
type are not taken into consideration. This problem can be overcome by
studying the isotopic composition of the soil and pollutant sulphur.

Some of these problems may be overcome by studying stable sulphur
isotopes in the soil system because isotopic information may allow corrections
to be made for the variable residence time of sulphur in different soils and
soil horizons (Krauss and Grinenko, 1988). As vegetation under stress from
high sulphur concentrations tends to emit isotopically light sulphur, the
foliage and ultimately the soil become isotopically heavy. Such observations
may aid the reconstruction of past sulphur fluxes to soils. However, we
conclude that presently it is only from ice cores that reasonably lengthy,
reliable records are obtainable. Currently most of these are for very remote
areas, but it is possible that cores from high altitude temperate glaciers may
provide useful data in the future.

5.3 SULPHUR CYCLE PRIOR TO HUMAN ACTIVITY

In the preceding sections we considered the observed environmental changes
caused by anthropogenic disturbance to the sulphur cycle. A question arises:
are these data sufficiently reliable to reconstruct an unperturbed natural
global sulphur cycle? At present the answer must be no: the available data
are sparse and attempts to answer the question will necessarily be speculative.

This section makes an attempt to assess the anthropogenic (contribution
to each of the fluxes in the cycle considered in the introduction to this
chapter. There are several fluxes that have probably not changed much over
the historical period: volcanic emission, emissionof sulphatewith seasalt
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andemissionof short-lived(H2S, DMS, etc.) and long-lived reduced sulphur
compounds (COS, CSz) in the open regions of the world ocean has probably
remained constant averaged over a number of years. The change (if any)
in some other fluxes is probably insignificant. Among such fluxes are the
emission of short-lived and long-lived reduced sulphur compounds on land
and in coastal ocean regions (see Section 5.1.5). This category also includes
sulphur flux from the oceanic atmosphere into the continental one though
it may have increased slightly. Let us assume that the flux related to natural
water erosion is unchanged as well. As was supposed in Section 5.1.4, the
aeolian flux due to anthropogenic activity had doubled, i.e. it may have
been 10 Tg (S) a-I in prehistoric times.

Thus, during the last few centuries atmospheric sulphur emissions have
grown by 103 Tg (S) a-I and river discharge by 57 Tg (S) a-I. Besides, the
part of anthropogenic sulphur which is removed from the atmosphere over
the continents is ultimately found in river runoff.

If we assume that the modern continental atmosphere is a well-mixed
block, we can easily find that out of 103 Tg (S) a-I anthropogenic
sulphur about 51 Tg (S) a-I is transported to the marine atmosphere and
52 Tg (S) a-I returns to the continental surface (see Figure 5.1a). It can be
assumed that the relative proportions of sulphur in the continental atmosphere
removed over the land surface and that transported to the marine atmosphere
remained constant. Thus in the prehistoric period the annual sulphur
deposition on the continental surface was 84-52=32 Tg (S) a-I and the
annual transport to the marine atmosphere 81-51=30 Tg (S) a-I. Conse-
quently the deposition over the ocean surface was 258-51=207 Tg (S) a-I
in total.

The above considerations are illustrated in Figure 5.1b, which schematically
presents the sulphur cycle prior to the beginning of human activity.
Comparing the data given in Figures 5.1a and 5.1b we can see that during
the historical period river runoff has increased from 104 Tg (S) a-I to
213 Tg (S) a-I, i.e. mean sulphur concentration in river water has doubled,
and shows reasonable agreement with data summarized in Section 5.1.3.
Sulphur input from the atmosphere to the continents has increased over the
period by 2.6 times. It should be noted that, since anthropogenic emission
is mainly as sulphur dioxide, it is the absorption of sulphur of sulphur
dioxide by the continental surface that is largely responsible for the increase
rather than an increase in the scavenging of sulphur by precipitation. On
the whole, the continental and oceanic atmospheres in the prehistoric period
were nearly balanced with regard to sulphur fluxes.

5.4 TRANSPORT SCALES AND MODELLING

The average residence times for the various sulphur compounds in the
atmosphere differ substantially-from less than a day for DMS in the tropical
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Table 5.5 Rough estimates of average residence times (t) and transport distances
(L) in the atmosphere for different sulphur compounds (Rodhe, 1978; Rodhe and

Isaksen, 1980; Moller, 1984b)

marine boundary layer to probably over a year for COSo As a result, the
average transport distances vary from a few hundred kilometres to global.
Table 5.5 contains rough estimates of these time and space scales for the
most important sulphur compounds. The average transport distances for the
free troposphere have been separated into longitudinal and latitudinal
components.

It is clear from the table that anthropogenic emissions of S02 near the
surface will be mainly confined to the nearest few thousand kilometres.
Only the fraction that escapes the boundary layer and is mixed into the free
troposphere will be spread over distances of a global scale. On the other
hand, S02 emitted from eruptive volcanoes 'starts off' in the free troposphere,
or even in the lower stratosphere, and thus will be more globally dispersed.

In general, the deposition from an anthropogenic source of sulphur will
dominate over the natural sulphur deposition in a sufficiently small
area surrounding the source. According to Brimblecombe (1985), the
anthropogenic sulphur emission in Europe in the year 1840 amounted to
0.43 Tg (S) a-I, or about 1.5% of the 1980 value. Application of a simple
but well-verified model for atmospheric sulphur transport (Eliassen and
Saltbones, 1983) to the 1840 emission data shows that the deposition from
these sources exceeds 0.2 g (S) m-2a-1 in a small area covering England,
part of Belgium and the Netherlands, thus probably exceeding the deposition
from natural sources in this area. It seems that under rather special
meteorological conditions significant and noticeable quantities of air pol-

lutants could be deposited in regions remote from pollution sourcesat an
early date (Brimblecombe et at., 1986).

Free troposphere
Planetary boundary layer

transport distance
transport distance longitudinal latitudinal

t/day Ll103 km t/day 103km 103 km

HzS 1 0.5 2 4 1
DMS <0.5 <0.2 <1 <2 <0.5
cas 500 global 500 global global
CSz 10 5 20 global 5
saz 1 0.5 10 synoptic 3
sa- 4 2 15 global 4
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By 1980, the European anthropogenic emissionshad increasedto about
28 Tg (S) a-I (Dovland and Saltbones, 1979). The deposition from these
sources exceeds 0.2 g (S) m-2a-1 over most of Europe and 12 g (S) m-2a-1
in central Europe, far exceeding the deposition from natural sources. The
changes in North America have been similar (Welpdale, 1978; Moller,
1984a).

As was discussed in a previous section, data from Greenland ice cores
indicate an increase by about a factor of two or three in the deposition of
sulphate during the 1970s compared to the average pre-industrial value.
However, the increase is not much greater than the range of variability of
the pre-industrial values so the statistical significance of the increase is hard
to establish outside southern Greenland. A natural question to ask is whether
the indicated increase in sulphur deposition on Greenland is consistent with
our notion about anthropogenic and natural sulphur sources. This question
is not easy to answer since most models used to study the transport and
deposition of sulphur are either limited to the industrialized regions and
their immediate surroundings (e.g. Eliassen and Saltbones, 1983) or global
but restricted by only representing zonal average values (e.g. Rodhe and
Isaksen, 1980). None of these models take proper account of topography.

It is likely that a substantial fraction of the sulphur that is deposited on
the Greenland ice has been transported to the site above the planetary
boundary layer (most Greenland ice cores have been obtained at an elevation
of about 2000-3000 m). The relative importance of the different sources will
then depend on the ability of their emissions to penetrate into the mid-
troposphere. Eruptive volcanoes will evidently be relatively more important
than industrial S02 emissions. If one assumes that natural and anthropogenic
surface sources (other than eruptive volcanoes) are distributed at similar
distances from Greenland, then one could assume that the natural!
anthropological ratio for sulphur deposition in Greenland is typical of the
ratio for the total northern hemisphere. With the northern hemisphere
anthropogenic emissions amounting to 60-80 Tg (S) a-I (Moller, 1984a) and
the natural emissions to 30-50 Tg (S) a-I (Andreae and Barnard, 1984),
the ratio of the present to the pre-industrial flux would be in the range of
2.2-3.7.

It could be argued that the bulk of the natural emissions is likely to occur
in tropical regions and thus would be further away from Greenland than
the anthropogenic emissions. On the other hand, tropical emissions are
more likely to end up in the free iroposphere than are high latitude emissions
because of the prevalent convective mixing in cumulonimbus clouds that
takes place in the tropics (Chatfield and Crutzen, 1984).

Comparing the ratio 2.2-3.7 with. the factor of two to three increases,
one may conclude that there is reasonable agreement. However, in view of
the uncertainty of the ice core data, as well as our limited knowledge about
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transport and deposition processes, no definite conclusions can be drawn.
The modest increase observed in Greenland ice cores does not seem to

agree very well with the postulate that the present Arctic haze is caused
mainly by anthropogenic emissions. However, this haze has a large maximum
in March and April. During this time of the year there is little precipitation
in the Arctic, and generally a stable boundary layer, implying very inefficient
deposition processes. At the same time, the atmospheric circulation pattern
is generally favourable for northward transport of European anthropogenic
sulphur. The impact of this sulphur on the deposition pattern in the Arctic
will be relatively smaller, since one reason for the occurrence of this very
long-range transport is inefficient deposition processes. Greenland receives
deposition not only from the boundary layer, but the free troposphere as
well.

An attempt to model the global distribution of sulphur compounds from
both natural and anthropogenic sources has indicated that the anthropogenic
contribution to the sulphate concentration in the free troposphere varies
from about 80% in the mid-latitudes of the northern hemisphere to about
10% in the tropics (Rodhe and Isaksen, 1980). This result must be regarded
as tentative since the concentrations of SOz calculated by their model in the
upper troposphere were much lower than those that have been observed.
The origin of these relatively high concentrations of SOz and sulphate in
the troposphere are not well understood, although it has been suggested
that transport of 'polluted' boundary layer air to the upper troposphere by
large cumulonimbus clouds could be an important factor, at least in tropical
latitudes (Chatfield and Crutzen, 1984).

5.5 ENVIRONMENTAL IMPACT OF CHANGES IN THE SULPHUR
CYCLE

In recent times the atmospheric sulphur cycle has undergone the greatest
changes as a result of anthropogenic activity. Hence it is here that the
earliest observations of environmental impact are found. These are related
to increased atmospheric concentrations of sulphur compounds. Obviously
local effects (in the vicinity of emission sources), were the first to be
described (e.g. Evelyn, 1661). The impact of increased sulphur dioxide and
sulphate concentrations on health can sometimes be found in regional
medical statistics. Certain meteorological situations produce conditions which
aid the formation of sulphuric acid smog. Long-term exposure to such smogs
has important implications for urban health. The effect of sulphur dioxide
on vegetation in the vicinity of emission sources is also marked. Lower
plants (mosses and lichens), as well as coniferous tree species are the most
sensitive. High concentrations of sulphur compounds damage metal and
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stonework, and artistic and cultural objects through corrosion and structural
weakening.

On a regional scale, the most striking manifestation of sulphur cycle
disturbance is the phenomenon of environmental acidification. The phenom-
enon, described in detail in scientific and popular literature, has spread by
now over vast areas of northern Europe and eastern North America. It has
also been observed in Japan and may appear in a number of other regions
around the globe. Regional impact may include health effects of high
particulate sulphate concentrations-tens of micrograms of sulphate sulphur
per cubic metre. In addition, the presence of particles in the atmosphere
reduces the level of solar radiation. Observations from satellites indicate
that sulphate haze can cover large areas in the North American continent
and stretch far into the Atlantic.

Global effects include possible growth of sulphate particle concentration
in the stratosphere. This can have an impact on the global climate of the
Earth. The increase in stratospheric sulphate could be caused by the
growth of tropospheric concentrations of long-lived anthropogenic sulphur
compounds (COS and CSz) and, consequently, by their increased penetration
into the stratosphere. It should be noted that the issue stilI remains almost
uninvestigated. At present there is no firm evidence for increasing
tropospheric concentrations of COS or CSz. However Hofmann and Rosen
(1980) noticed the growth of stratospheric concentrations of sulphate
particles.

The impact of anthropogenic perturbations of the sulphur cycle on the
hydrosphere can be of a non-global nature only. Even if man extracts from
the lithosphere and uses all sulphur-bearing minerals (coal, oil, sulphide
ores, native sulphur), the sulphur content in the world ocean will increase
by no more than 0.001%. On the other hand, increases in the sulphate
concentration of rivers and lakes in industrialized regions were noticed by
the beginning of the present century. We do not know whether the increased
sulphate concentration has affected the freshwater biota.

Since the sulphur cycle in the hydrosphere and sediments is closely
connected with the cycles of organic carbon and nutrients, anthropogenic
disturbances of these factors can lead to sulphur cycle perturbation. The
discharge of large amounts of organic carbon and nutrients into closed
freshwater bodies stimulates the development of anaerobic sulphate reducing
microorganisms. This results in the formation of free HzS in lower water
layers and disappearance of higher life forms in a given water body.

It is alarming that the sulphur cycles of the Black and Baltic Seas are
also disturbed due to the input of organic substances with river runoff. As
a result, anaerobic conditions have formed in the Baltic Sea depressions
and the level of the 'dead' HzS zone in the northwestern part of the Black
Sea has risen. The incidents of HzS destroying mussel fields and rising to
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surface water layers have become more frequent here (Kosarev, 1984).
In the lithosphere the sulphur cycle is very closely connected with the

cycles of non-ferrous metals. Intensive and ever increasing extraction of
non-ferrous metals could lead to almost complete depletion of sulphide ores
in the next 30-50 years. It is worth noting yet another aspect of the
anthropogenic impact on the lithospheric sulphur cycle. The commonly
applied technique for water pumping into oil-bearing strata results in an
intensive growth in sulphate-reducing bacteria. The organic substances in
oil products act as a substrate and sulphates in pumped water serve as a
source of oxidant. As the process of sulphate reduction develops, H2S is
released and the extracted oil becomes contaminated with sulphur. In
conclusion one should note that there are other interesting effects such as
the microbial acidification of mine waters and the spontaneous combustion
of sulphide-containing waste dumps.

5.6 FUTURE SCENARIOS AND DIRECTIONS

5.6.1 Future perspectives

In the coming fifty years the main problems concerning the anthropogenic
influence on the sulphur cycle are likely to be the emissions of S02 and
associated NOx to the atmosphere in highly industrialized continental areas.
Here the effects of corrosion of building materials and cultural artefacts,
damage to human health and injury to vegetation will continue to be a
problem in the areas near cities and industrial complexes. In sensitive regions
the acidification of soils and surface waters provides considerable challenge
in terms of control measures which must necessarily be international rather
than local. Beyond the problem of acidification comes the question of the
role of sulphur compounds in the complex issue of 'novel forest decline'.
The near future requires us to achieve and act on a clear understanding of
these issues.

Scenarios for future anthropogenic sulphur emissions from Europe have
been worked out at the International Institute for Applied Systems Analysis.
The scenarios suggest that these emissions will not change substantially over
the next 50 years (see Figure 5.12). This is probably also the case for North
American anthropogenic emission. However, it is likely that a peak in the
effect of deposited sulphur, such as the leaching of base cations from soils,
may lie in the future. In some countries, often in tropical and subtropical
regions, large increases in emission are to be expected in the future
(e.g. Venezuela, Nigeria, China, etc.) (SCOPE 36) so the global picture
will be a little different (see Figure 5.13). In tropical and subtropical
countries with a high growth in the utilization of fossil fuel anthropogenic
sources of sulphur emission to the atmosphere may become more important
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Figure 5.12 The long-term trend in European sulphur emissions prepared by the
International Institute of Applied Systems Analysis and modified by Eliassen (1988).
1 Without emission control measures (highest energy use scenario).
2 Without emission control measures (lowest energy use scenario).
3 With 30% reduction in emissions by 1993 (lowest energy use scenario).

than natural sources. One should add that the control of sulphur emissions
may not be free of associated environmental problems. Large amounts of
contaminated gypsum are a likely product of an extensive programme to
reduce sulphur emission to the atmosphere.

Over a thousand year time scale predictions are much more uncertain. It
is important to note that only 7% of the available sulphur in fossil fuels has
been released. Long-term acidification could affect geological processes such
as weathering. Paces (1985) has argued that there is a sharp transition point
in catchments as the alkaline materials are removed by acidification.
Widespread loss of buffering capacity in soils could be very serious.

5.6.2 Future work

In order to understand the changes underway it is clear that a number of
projects need to be undertaken. In establishing the long-term changes we
need a better knowledge of the past levels of sulphur compounds in the
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Figure 5.13 Long-term global anthropogenic sulphur emission into the atmosphere
(Ryaboshapko, 1985).
I Exponential increase at the present rate.
II Scenario with no emission control measures.
III Scenario with emission control measures.

atmosphere. In current ice core work there is little knowledge of the changes
in isotopic composition which would add a new dimension to our
understanding of the origin of the sulphur compounds deposited in polar
regions. New solid source techniques for mass spectroscopy may allow
isotopic analysis of nanogram quantities of sulphur compounds and aid such
work. However, isotopic studies of polar ice need to be coupled to a
thorough understanding of atmospheric transport to polar regions.

Isotopic studies of soils may prove valuable in trying to establish past
sulphur fluxes. In particular it should be possible to gain useful information
by examining the distribution of sulphur isotopes between the inorganic
sulphate pool and the larger more slowly replaced organic sulphur pool.
Sampling for such studies should proceed on the basis of soil horizons and
not to arbitrarily defined depths.

We need a better understanding of the anthropogenic and natural emissions
of small organo-sulphur compounds. The anthropogenic emissions of cas
and CS2 are very poorly understood. The fate of OMS and the relative
importance of various oxidative pathways to methane sulphonic acid,
dimethyl sulphoxide and sulphate is still unclear. Further we need more
extensive information on the distribution, both temporal and spatial, of
these compounds and their sources. The stable and less soluble of the
sulphur gases (e.g. CaS) may be important in influencing the concentration
of the sulphate aerosol in the stratosphere in epochs of low volcanic activity.
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There is a need to examine the older measurements and analyses of the
composition of waters and soils, or to find archived samples or to used
layered materials such as sediments or tree rings to build up a better picture
of century long changes in the cycling of sulphur. In particular it may be
that much can be learnt from analyses of river water and a detailed
comparison between present and past sulphur fluxes. In addition we need
a well-organized comparative programme of representative drainage basins
to learn about the individual contributions of riverine sulphur to the global
cycle.
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