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8.1 INTRODUCTION*

In previous chapters, sulphur and oxygen isotope systematics were summa-
rized for the lithosphere, hydrosphere, atmosphere, and biosphere. Processes
of isotope fractionation have been examined theoretically, in laboratory
experiments, and in situ. Attempts have been made to calculate isotopic
balances regionally and globally.

In some chapters, the identification and quantification of anthropogenic
sulphur by isotope techniques have been discussed. However, pollutant
sulphur from a given source impacts on a variety of environmental receptors.
Therefore, in a given study, a number of components in the ecosystem need
to be examined.

One approach for this book would have been an integration of the
concepts from previous chapters from which prescriptive methodologies may
have been recommended for various ecosystems. Although this is addressed
briefly in Chapter 9, it was deemed better to summarize a number of actual
case studies throughout the world. In this way, the reader should benefit
from the first-hand experience of other colleagues trying to use sulphur
isotopes to characterize anthropogenic sulphur in the environment.

The case studies differ greatly in terms of number of environmental
receptors, size of area (local or regional), number of sources of anthropogenic
sulphur, uniformity of 834Svalues among sources and unpolluted receptors,
and the 'isotopic leverage', i.e. the difference in 834S values of pollutant
emissions and receptors. Examples are also given where only the 834Svalues
of potential sources have been measured (Section 8.10) and where the
amount and mean of 834Svalues of known emissions have been calculated
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Figure 8.1 Sour gas processing plant, West Whitecourt, Alberta. Note elemental
sulphur stockpile in the background (photo courtesy A. Legge)
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(Section 8.8). There is even a case where no isotope data are given but
potential applications of sulphur isotope techniques are identified (Section
8.11).

8.2 SULPHUR ISOTOPE TRACING OF THE FATE OF EMISSIONS
FROM SOUR GAS PROCESSING IN ALBERT A, CANADA*

8.2.1 Overview

Sulphurous emissions, mainly SOz, from sour gas (high HzS content)
processing in the Province of Alberta, Canada, are significantly enriched in
34Scompared to environmental receptors. This 'isotopic leverage' has proved
to be an effective technique for tracing the fate of these emissions in
surrounding ecosystems. These studies, which have been ongoing since
1970, have enhanced our basic understanding of the response of various
environmental receptors to sulphur pollutants. A number of examples have
been cited in Chapters 5 to 7.

Data from the atmosphere, hydrosphere, pedosphere, and biosphere are
available for locations within the Province which have been subjected
to varying amounts of these emissions (Figure 8.12). Unfortunately,
environmental sulphur isotope and often concentration data were not
obtained prior to the onset of the emissions. Therefore, it is difficult to
accurately evaluate the proportion of industrial sulphur in the environment.
An effective approach has been a composite diagram in which 834Svalues
of environmental receptors are plotted in order of decreasing elevation, i.e.
atmosphere, tree lichens, ground lichens and mosses, leaves and needles,
litter, and increasing soil depth. This order corresponds to that of decreasing
834S since the emissions have high 834S values. However, this trend may
not hold in rolling terrain, where sulphur may be redistributed and the
subsoil modified through leaching of sulphur-containing salts from knolls
and redeposition in depressions (Section 7.2.5, Figure 7.18).

Elemental sulphur is the product of sour gas processing. Although it is
remarkably stable stored as large blocks (Figure 8.1), there is some input
to nearby soil through bacterial oxidation to SO/-, and sulphur dust can
be released to the environment during loading operations.

8.2.2 The sour gas industry of Alberta

The sulphur recovery industry in western Canada, based on the processing
of sour natural gas, is currently the largest in the world. For example, in
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1976,Canadaproduced 45% of the world's recoveredsulphur (Hyne, 1981).
Production and reserve statistics as of 1982 are given in Table 8.1. Gas
streams with as high as 53% HzS are currently processed and the technology
to use streams containing up to 90% HzS is being developed. Wells with
such high HzS concentrations can be found at Panther River, Hunter Valley,
and Bearberry, Alberta. Initially, clean gas was the primary objective and
sulphur was a recovered by-product. Historically, there have been times
when the commercial value of sulphur could not justify its production and
the methane contents of the wells with excessive HzS were too low for
economic viability. More recently, higher financial returns from the sale of
sulphur have ushered in an era of reservoir development primarily directed
towards sulphur recovery.

Sour gas is found mainly in Devonian carbonate reservoirs in western
Canada. The percentage of HzS may increase with depth or temperature
(Figure 8.2). The extremely high HzS concentrations are not found in low-

Table 8.1 Western Canada HzS statistics, 1982 (Hyne, 1983)

Reserves

10.5 x IOn m3 d-I

7.7 X 10~ m' yr-I
50; 75% of HzS is processed by 9 plants, one

with a maximum capacity of 3 x IOn m3 d-I
9.5 X 1010 m3 equivalent to 1.35 x 1O~tonnes
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Plant capacity
Number of plants
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Figure 8.2 Percent HzS in natural gas versus reservoir temperature, Alberta, Canada
(data from Energy Resources Conservation Board, Alberta)
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temperature shallow reservoirs. The isotopic composition of the HzS shows
a marked transition at reservoir temperatures of about 80 DC(Section 4.5.4).
Lower 834S values below this transition are interpreted as reflecting
biological processes with large associated kinetic isotope effects, in shallower
environments. Above 80 DC, thermochemical reduction of evaporites are
believed to occur with negligible isotopic selectivity. The lack of isotopic
discrimination might reflect complete sulphate reduction at localized sites
or a step such as anhydrite dissolution assuming rate control. On the basis
of carbon isotope data, Krouse et at. (1989) concluded that, in some
environments, light hydrocarbon gases served as reducing agents. The net
result is that HzS in gas-prone reservoirs of western Canada have 834Svalues
in the range + 15 to + 30%0.

The HzS is scrubbed from the gas by a variety of reagents with separation
efficiencies of over 99%. Modified Claus process plants are used to convert
the separated HzS into elemental sulphur (Figure 8.1). In this reaction,
some HzS is converted to SOz which in turn is reacted with more HzS to
produce the So end-product. This process emits SOz to the atmosphere.
Flaring has also been a source of SOz. Despite increased production, the
emissions have decreased as the result of more efficient processing (Table
8.2). The maximum emission rate, 5.4 x 105ton per annum, or nearly 1500
tonnes d-I, occurred in 1972. This flux is comparatively low, considering
the size of the region and the fact that a number of individual smelters and
power stations around the world have exceeded these rates. Nevertheless,
with the increased emphasis on environmental pollution, it was important
to determine the fate of the SOz emissions from the sour gas industry of
Alberta. Traditional approaches used sulphur concentration measurements
in the atmosphere, hydrosphere, pedosphere, biosphere, meteorological
data, and models of plume behaviour. Since the emissions are very enriched
in 34S compared to the preindustry receptors, stable sulphur isotope

Table 8.2 Improvement in overall sulphur plant recovery efficiency in Alberta,
Canada (Hyne, 1983)

Date Recovery Annual production To atmosphere
(%) (106 tonnes) (103 tonnes yr-l)

Pre 1965 88 1.59 190
1970 90 4.31 430
1972 92 6.72 540
1975 95 7.57 330
1980 96 5.93 237

1983 (est.) (97) (5.50) (165)
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abundances have proved to be very effective in supporting many environmen-
tal investigations.

8.2.3 Sulphur isotope composition of the atmosphere in Alberta

8.2.3.1 Regional pattern

Since the atmosphere is the primary conveyor of S emissions and So dust
from these industrial operations, a regional survey of the sulphur isotopic
composition of S02 was an appropriate starting point. Initial measurements
were carried out with lead peroxide treated cylinders which had been
exposed for one-month intervals. The ;)34Svalues were found to range from
+7 to +28%0 (Figure 8.3). The two major cities, Edmonton and Calgary,

ALBERTA

.GRANDE PRAIRIE
(+ 18.6)

.-( +18.6)

.-( +27.1 )

.-( +15.5)

. EDMONTON
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.-( + 14.0)

(+19.4}e .-(+141)
(+16.7>-::{+172)
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(+129)-.

.-(+18.2)
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Figure 8.3 The 834Svalues for atmospheric S02 trapped by lead peroxide exposure
cylinders at various locations in Alberta, 1971
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had 834Svalues near + 11%0,whereas sites near sour gas plants had much
higher values. Some specific gas plant locations relevant to the data of
Figure 8.3 and later discussion are given in Figure 8.13. Data in Table 8.3
display a number of features. Often, but not always, the isotopic composition
remained the same for consecutive samplings at the same site (Red Deer 4,
Windfall 5, Okotoks 2, Coleman 8). For a given month, different sites at
the same location may have similar 334Svalues (Red Deer 4 and 5, Okotoks
2 and 4). These consistencies suggest that lead peroxide exposure cylinders
can provide reliable isotopic data.

There were also inconsistencies. Consecutive samplings sometimes yielded
significant isotopic shifts (Carstairs 4). A site at a given location could be
isotopically different from other sites (Red Deer 6 and Okotoks 3).

The overall isotopic behaviour was consistent with localized emissions
which had not mixed effectively with the broader meteorological systems.
The 334Svalue for an individual sample depended upon the distribution of
emitters and wind behaviour. Since the lead peroxide cylinders provided
integrated data for one-month periods, data for shorter terms were required

Table 8.3 Isotopic composition of atmospheric S02 near ground level in Alberta,
1971

Location Site Date S34S
(%0)

Red Deer 4 13 Aug. +20.9
4 15 Sept. +20.3
5 15 Sept. +20.7
6 15 Sept. +14.0

Lone Pine Creek 2 12 Aug. +27.1
2 16 Sept. +28.1

Windfall 5 6 Aug. +15.6
5 9 Sept. + 15.4

Okotoks 2 4 Aug. +21.3
2 1 Sept. +21.5
4 1 Sept. +21.6
3 1 Sept. +18.2

Bigstone 1 8 July +18.3
2 8 July + 18.4

Coleman 8 27 July +12.7
8 2 Sept. +12.8

Carstairs 4 11 Aug. +16.7
4 16 Sept. +19.0
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to relate 034Svalues to concentration and wind direction. Therefore, a high-
volume sampling programme was developed using techniques described by
Forrest and Newman (1973).

8.2.3.2 Relationship of 034S to concentrations of atmospheric S compounds

Near a given sour gas plant operation, more positive 034S values usually
correspond to higher concentrations. This was demonstrated convincingly
during the monitoring of the startup of the Crossfield plant (see Section
5.5.4). It was also emphasized in a study near a gas refinery at Valleyview,
Alberta, where flaring ceased after 25 years of operation (Krouse and Case,
1983). The a34s values for both atmospheric SOz and particulates decreased
markedly when flaring stopped (Figure 8.4).

It was shown in Section 5.5.1 that when a given site is sampled
randomly under different meteorological conditions, the a34s values for high
concentrations of ambient SOz approach that of the dominant industrial
emitter in the area. Minor sources with various a34s values are evident at
low concentrations. For some locations, the minor sources could be distant
gas plant operations and possess even higher a34s values than the dominant
emitter. This appears to be the case for Balzac where the a34s values for
emissions from the nearest gas plant are about + 16%0but a34s values as
high as +22%0 are found in the vicinity (Figure 8.5). Nearby, at Crossfield
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Figure 8.4 The 034Svalues for particulates versus the same for S02 at Valleyview,
Alberta, 1982.Emissionsfrom flaringceased after 28 years of operation
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Figure 8.5 The 8J4S values for SOz versus concentrations of the same at Balzac,
Alberta. Data from lead peroxide exposure cylinders

(See Figure 8.12), the 034S value for the emissions is about + 29%0
(Section 5.5.4). Rarely have 034S values for ambient SOz in Alberta
exceeded this value. Consequently, the 034Svalues for SOz collected near
Crossfield increase to +29%0when the industrial contribution dominates. In
contrast, at Balzac, increasing industrial S corresponds to the 034S values
converging towards + 16%0from more positive values (corresponding to
contributions from Crossfield) and more negative values ('natural' sources).

8.2.3.3 Dependence of 034S values of atmospheric S on wind direction

Since atmospheric gases from various sources reaching an observation point
depend upon the wind pattern, sulphur isotope data acquired as a function
of wind direction can serve to apportion sources. Arrays of four and eight
high-volume samplers, wherein each sampler is triggered by a preselected
wind direction, have been successfully tested near sour gas processing plants
in Alberta. Winds coming from the direction of the industry tend to be the
most enriched in 34S. This is illustrated in Figure 8.6 where winds from the
north to north-east and south-west to north-west sectors contain SOz from
two nearby industrial emitters. Other examples of data from high-volume
sampling arrays are given in Section 5.3.2.

A criticism of the ground-based directional array sampling is that winds
near the ground are unlikely to be consistent with those aloft which may

.
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Figure 8.6 The 534Svalues of S02 obtained at site influenced by three gas processing
plants using a wind directionally triggered high-volume sampling array. A ninth
directionally independent sampler functioning at low wind speeds collected S02 with

a 534Svalue of +9.30/00

be primarily responsible for the S02 transport. However, the presence of
environmental receptors, including man, near the ground warrant such
measurements. It is also clear that traditional meteorological data are
required to establish atmospheric S02 flow patterns.

8.2.3.4 Isotopic composition of atmospheric particulate matter

Occasionally, particulates in the atmosphere of Alberta have been found to
have 034S values close to those of associated S02 (Section 5.3.2). The
similarity is expected for elemental sulphur dust from storage blocks or
loading operations at sour gas processing plants. Agreement is also expected
when sulphate aerosols have formed from S02 oxidation (Section 5.2). In
many instances, however, the particulates are isotopically quite different
from the S02' The reason lies primarily in the nature of the particulates
and more numerous sources, e.g. road dust. The diverse nature of
atmospheric particulates can be shown by scanning electron microscopy
(SEM). An SEM photograph depicting abiological dust particles as well as
biological matter consisting of broken plant debris and pollen grains can be
found in Section 5.3.3. The isotopic composition of the latter reflects a
mixture of sulphur derived by the living plant from the atmosphere and soil
(Section 7.2.5).

Isotopic analyses of different aerodynamically sized fractions, coupled
with SEM examination of particulate matter, can provide effective source
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identification. In studies near sour gas plant operations, particles of less
than 1 J.Lmin size are typically depleted in 34S (by as much as 15%0) in
comparison to larger sized fractions ranging up to greater than 7 J.Lm(Section
5.3.2.2). This difference possibly arises because the smaller particles can
potentially arrive from a more distant source.

8.2.4 Sulphur isotope composition of surface waters

Surface water SOi- in a given stream entering the Mackenzie River system
of north-west Canada was found to vary widely in its 34Scontent dependent
upon the surrounding geology (Hitchon and Krouse, 1972). Waters in the
Peace River area were found to be very depleted in 34Sconsistent with the
isotopic composition of native soils in the region (Lowe et at., 1971; Krouse
and Case, 1981). Deep formation waters in Alberta tend to be enriched in
34Sbecause of association with marine evaporites. Occasionally S042- from
this deep source appears at the surface in spring waters (Krouse, 1976).
However, in most locations remote from industrial activity, the 034Svalues
of surface water SOi- tend to be near 0 or negative. Therefore, the extent
of sulphur of industrial origin in the hydrosphere can usually be seen by
plotting 034S values versus [SOi-], as shown for Valleyview, Alberta, in
Figure 8.7. For [SOi-] less than 10 ppm, the isotopic composition is similar
to that of soil horizons beneath the litter layer. At 40 ppm S042-, the 034S
value is close to that of nearby industrial emissions.

In environmental studies, the relating of cause to effect is often difficult.
Sulphur isotopes are very effective for calculating the proportion of industrial
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S in an environmental receptor. However, measurements of other parameters
are required to determine the effect. Even if a correlation is found between
1)34Sand a damage parameter, it does not necessarily follow that pollutant
S was the cause. However, at West Whitecourt, Alberta, the 1)34Svalue for
SOi- was found to increase with the concentration of dissolved organic
sulphur in surface waters surrounding a sour gas plant operation (Krouse et
ai., 1984; see Figure 6.4). Industrial emissions introduced 34S-enriched
sulphur into the environment, partly as SOi- in the hydrosphere. The
industrial S also generated greater quantities of organic sulphur compounds
in the environment, probably through biological assimilation processes,
although chemical reactions should not be discounted.

8.2.5 Sulphur isotope abundances in soils and vegetation of Alberta

Most native soils in Alberta range in 1)34Svalues from - 30 to + 5%0(Lowe
et ai., 1971; Krouse and Case, 1981). Values near 0%0are found in south-
eastern Alberta, whereas the negative values are encountered in the Peace
River area and the south-western corner. In the foothills, values near -10%0
are frequently found. The very negative values are associated with subsurface
salt occurrences which in turn were probably derived from the weathering
of reduced S compounds in Cretaceous shales. Since the emissions from
sour gas processing have an average 1)34Svalue of +20%0, the presence of
industrial sulphur in soil and vegetation is readily detected by sulphur isotope
analysis.

In Chapter 7, many examples from studies in Alberta were used to
illustrate a number of fundamental concepts concerning sulphur in soil and
vegetation. For this reason, only a few data from one study will be used to
illustrate how measurements of the isotopic composition of many receptors
at a given site enhance the interpretation (Figure 8.8). Decreases in 1)34S
with distance from the stack in the West Whitecourt area are clearly shown
for pine needles, litter, and different soil depths. The sites were chosen to
be as ecologically equivalent as possible. This meant that they were not in
a straight line with respect to the dominant NNW wind direction. This,
coupled with topographical effects, can explain departures from smooth
trends in Figure 8.8. As with many industrial operations, insufficient
measurements were made on the ecosystem prior to the onset of emissions.
The question then arises as to the extent the trends in isotope composition
reflect varying industrial inputs and natural variations. Certain features of
Figure 8.8 imply that the variation of 1)34Svalues is almost entirely due to
diminishing amounts of industrial sulphur with distance from the stack. The
mean 1)34Svalue of needles 1 km from the stack is the same as that of the
emissions. The litter is very similar isotopically to the live needles.
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Figure 8.8 A comparison of the mean 834Svalues of litter, Lodgepole x Jack Pine
foliage, bark, and selected soil depths as a function of distance from S emission
sources in the West Whitecourt study area (data provided by A. Legge and H. R.

Krouse)

The differences in 834Svalues (834S)between two components at a given
site and the variations in 834S for the same component among sites are
particularly diagnostic. For needles at the nearest and furthest sites, the
range is about 10%0,whereas it is nearly twice this value for either the 5 or
15 cm soil samples. This is expected since atmospheric sulphur compounds
can interact quite readily with the needles, but their penetration into the
soil is a delayed process. This is further verified by the 834Svalues for either
needles or litter and surface soil at the nearest and further sites (1 and 12%0
respectively) .
It is also noted that the soil samples at 40 cm depth have less isotopic
variation with distance than more shallow samples since the former have
been less contaminated with industrial sulphur. It is difficult to ascertain the
background 834Svalue for the soil since it is not approaching an asymptotic
limit with distance. There may in fact be two values, one near 0 and the
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other near +7%0.This is in markedcontrastto the data for Valleyview,
Alberta, where a limit near -12%0 was found within 10 km of the flaring
stack (Figure 7.5).

8.2.6 Isotopic modelling of uptake of industrial sulphur by the environment
near sour gas processing plants in Alberta

Sulphur isotope data for soil and foliage from many studies in Alberta can
be combined into various composite diagrams. In areas that have not been
influenced by industrial sulphur emissions (natural range), the (')34Svalues
are generally near 0%0or quite negative. The (')34Svalues of the soil in the
vicinity of the roots versus those of the corresponding foliage should fall on
the line of unity slope if ambient SOz levels are low. This reflects leaves
deriving the bulk of their sulphur from the soil during growth and returning
sulphur to the soil upon decay.

In an intermediate situation where some industrial sulphur enriched in
34S has been introduced, the soil tends to be isotopically lighter than
vegetation for two reasons:

(a) The leaves contain isotopic mixtures of sulphur derived from the soil
and 34S-enriched air.

(b) Litter and botanical cover may limit the penetration of atmospheric
compounds into mineral soil horizons (Section 7.2.5).

Consequently, when the (')34Sresults for vegetation are plotted against those
for soil, data plot above the line of unity slope (Figure 8.9). This trend was
also found for analogous plots with the tops and roots of bullrushes (see
Section 7.2.5).

In industrial areas where sulphur compounds have penetrated the soil,
data tend to plot on a line of slope unity. In this case, soil, atmosphere,
and foliage have similar but higher (')34Svalues because of the prevalence
of sulphur of industrial origin.

In preliminary studies in the Ram River area, it was concluded that in
contrast to needles and leaves, epiphytic lichens acquire a sulphur isotopic
composition similar to atmospheric S (Krouse, 1977). This relationship does
not hold true for all type of lichens and mosses. In particular, species
dwelling near the ground appear to acquire some sulphur from the litter
layer and may have (')34Svalues intermediate to the epiphytic lichens and
leaves. These observations suggest another synthesis of isotopic data in
which vegetation is further subclassified in the conceptual model of Figure
8.10.

Since studies to date suggest that preindustrial (')34Svalues of the
environment were zero or lower, it is postulated that (')34Svalues will
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Figure 8.9 The 834S values of foliage versus the same for soil as a function of
exposure to sour gas processing emissions and soil cover

progressively increase from the deep soil horizons upwards to epiphytic
lichens in response to industrial sulphur deposition.

The 'intermediate' situation corresponds to the levels of sulphur of
industrial origin being comparable to those of the natural environment. This
situation should not be considered in terms of absolute sulphur content. For
example, if the natural sulphur content were low, the environment could
remain depleted in sulphur even with industrial contributions. In this case,
sulphur isotope data could display the intermediate pattern even though an
environmental response to the additional sulphur may not be obvious.

In the intermediate situation, it is expected that some of the 34S-
enriched industrial sulphur compounds will have penetrated the soil. The
concentrations of these compounds and their &34Svalues tend to decrease
with depth. The &34Svalue for atmospheric compounds will be slightly less
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Figure 8.10 Trends in the sulphur isotope compositions of foliage and soil near sour
gas processing plants in Alberta, Canada
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than that of the industrial emitter because of dispersion and mixing with
background sulphur sources. Epiphytic lichens tend to isotopically resemble
the atmosphere. Trees tend to be isotopically intermediate to the soil and
the atmosphere and usually display a height trend with the uppermost
needles/leaves possessing a higher component of atmospheric sulphur than
the lower ones (Krouse et ai., 1984). This is attributed to a canopy action
exerted by the upper foliage. The ground lichens and mosses tend to display
j)34Svalues between those of trees and epiphytic lichens.

In the high industrial impact situation (Figure 8.11), the isotopic
composition for all components of the environment is essentially that of the
emissions. This does not necessarily imply that the sulphur content of the
environment is excessive but rather the majority of sulphur is of industrial
origin. If excessive environmental sulphur is present, j)34Svalues for epiphytic
lichens and pine needles may be higher than that of ambient SOz. This is
attributed to the isotopically selective emission of reduced sulphur compounds
by the vegetation under sulphur stress (Section 7.2.7).

In Figure 8.11, data from West Pembina and Brazeau are tested in the
conceptual model of Figure 8.10. In both investigations, the data fit the
intermediate situation of Figure 8.10. Lichen possessed the highest j)34S
values near +20%0, consistent with derivation of S from the atmosphere.
There are no excessively positive j)34Svalues for either lichens or needles
which would indicate S stress. Except for the moss data, the j)34Svalues for
vegetation and soil tend to be slightly more positive at West Pembina. In
the West Pembina area, there was possibly more effective upper story foliage
cover so that the moss received less exposure to atmospheric S compounds.
Penetration of sulphur of industrial origin into the upper A horizon is
evident at all sites since the j)34Svalues are more positive than for underlying
layers. The Band C horizons show similar ranges in both study areas but
different mean values. This suggests that penetration below the A horizon
is minimal and the higher j)34Svalues generally present in the West Pembina
area reflect a more 34S-enriched background. In both studies, it must be
emphasized that the S contents are low even with industrial S contributions,
i.e. the data fit the intermediate case of Figure 8.11 because relatively small
amounts of industrial S have been added to low S backgrounds.

It is important to note that data for soil horizons were used for Figure
8.11. Data for selected depth intervals were also obtained but the horizon
data were judged to be better in these and other studies. Prescribed depth
intervals containing varying contributions from different horizons tend to
obscure the isotopic variations.

8.2.7 Discussion and recommendations

The use of sulphur isotope abundances in environmental research in Alberta
has been ongoing for two decades. However, there are many unexplored
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research avenues. Isotopic compositions have successfully documented the
presence of sulphur of industrial origin in the environment without the
ambiguities that have arisen with other techniques. The link between cause
and effect has only been established in a few cases (e.g. Figures 6.4 and
7.21). There is every indication that if isotopic investigations are carried out
with individual sulphur compound groups, transformations of sulphur
compounds in the environment will be better understood and the relation
of 'cause' to 'effect' better established.

For years, elemental sulphur was stockpiled. With recent demand, these
piles have dwindled, but in the course of loading, sulphur dust in the
environment in some areas is perceived as more problematic than gaseous
emissions. There is a challenge to distinguish between these two sources of
pollutant S which have similar 034S values at a given industrial site. A
comparison of 034Sdata for bark and foliage shows some promise. Elemental
S can be entrapped in bark whereas foliage acquires sulphur either as
SOi- from the roots or by permeation of gaseous S compounds through
stomata. It also appears that emission of reduced S compounds under S
stress does not occur with bark. This can explain why the bark is not as
enriched in 34Sas needles in Figure 8.8. Oxygen isotope analyses of SOi-
might be another approach to distinguishing that derived from S02 or So.

Over the years, the sour gas industry has become more sympathetic to
sulphur isotope studies. Whereas background data are preferred, a survey
at any point in the history of the industry operation is useful. For example,
the data in Figure 8.11 provide a reference to which future data may be
compared. Since the S content of the environment was low, 034S values
should be quite sensitive to future industrial S inputs.

Colleagues in industry frequently ask: 'What is the minimum number of
analyses that can provide satisfactory interpretation of industrial S uptake
by the environment?' There is the related question as to how many specimens
can be examined on a limited budget. The data of this section and Chapter
7 show that answers to these questions are not straightforward and depend
upon many environmental factors. A few general comments can be made.
Epiphytic lichens provide a cumulative sulphur isotopic record of atmospheric
S. Depth profiles of 034Svalues can provide information on the penetration
of industrial S into soil. If detailed profiles are not possible, then sampling
by horizon is preferred over sampling one or two prescribed depths. Site
selection is important for realizing effective data and should be based on
ecological criteria as well as predicted regional sulphur deposition patterns.

A perceived problem in agriculture in Alberta is depression of the Se/S
ratio by the industrial S additions to the environment. As a precaution,
cows are injected with selenate solution prior to calving. Plotting of this
ratio against 1)34Svalues for foliage and tissue samples should serve to
ascertain whether sour gas emissions noticeably influence the selenium cycle.
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Environmental studies of higher members of the food chain have the
logistic advantage of reducing the number of required samples (Section 7.3).
However, there are relatively few sulphur isotope data for higher animals
in Alberta. A current isotopic study of bees generally reveals the areal
extent of pollutant S. However, the data are not ideal, presumably because
bees may selectively feed on agricultural crops that reflect cultivation and
fertilizer practices. Data from wild grazing animals who refrain from eating
agricultural crops may prove more effective in regionally mapping the
influence of industrial S throughout Alberta.

*ell

~

,,-,.'1:111::1818111:1.

EDMONTON <8>

_:,.'~.:n'J::I:.

.l8l:18","1:\::II::I.'J

'_:,.,rl.'..
<8> CALGARY-

100 km

"""'II~.:\lIIiI::ll

Figure 8.12 Location of study sites near sour gas plants in Alberta
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8.3 THE ISOTOPIC COMPOSITION AND CONTENT OF SULPHUR
IN SOILS OF KANSK-ACHINSK FUEL POWER GENERATION

COMPLEX*

8.3.1 Introduction

In the 1970s the first phase of a large coal-burning power complex was
brought into operation in the Kansk-Achinsk region of the Soviet Union.
The target consumption for this complex is 50 x 106 tonnes yr-1 and most
of this is supplied from local open-p;t mines. The emission of S02 from this
plant caused concern as to its impact on the local environment and prompted
a study of the sulphurous depositions. Monitoring the areal extent and
distribution of the deposited S and its fate in the environment can be a
mammoth task involving continual measurement of many biological and
physical factors including atmospheric concentrations, wind speed, emisison
rates, and forms of S in soil, plants, and animals. A possible alternative for
evaluating the amount, distribution, and fate of the emitted S in the
ecosystem is stable sulphur isotope analyses since different coals and S02
from their combustion often have 034Svalues differing from those of soils
and plants in the region (Grinenko and Grinenko, 1974).

The study reported here was initiated to see if the 034Svalues for emissions
differed significantly from the natural environment. Assuming that the
difference was sufficient, a second objective was to document changes that
have occurred in the sulphur isotope compositions of the environmental
receptors over time.

Soil samples from 23 sites were collected and analysed for S content and
034S values. Coal, cinder, and ash collected from furnaces and S02 from
the combustion products were similarly analysed.

8.3.2 Results

Concentration data for various sulphur forms and isotopic compositions in
coal samples are given in Table 8.4. Sample 1 contained only sulphide
sulphur, whereas sample 2 contained both sulphide and organic sulphur. In
sample 2, the total sulphur content was found to be twice that of sample 1.

The isotopic compositions of sulphur in the samples differ. In sample 2,
it is just slightly enriched in 34S compared to the meteorite standard.
Sulphide sulphur in sample 1 is markedly enriched in 34S(+8.6 to +9.4%0).
Thus the sulphur in these coals has different origins.

The sulphur contents in three samples of cinders remaining in furnaces
after combustion were similar (about 0.4%), but 3 to 5 times higher than
the raw coal. Their sulphur isotopic compositions were also similar,
approximating that of coal sample 2 but differing significantly from coal
sample 1. This is attributed to the sampling of ash after combustion of coal
with sample 2 characteristics. ..L.N. Grinenko and V.A. Grinenko.
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Samples of the fly ash taken from different parts of a connecting pipe
were also analysed (Table 8.5). As seen from the table, fly ash accumulates
large amounts of sulphur (up to a few percent), i.e. 4-9 times higher than
in cinders and 25-30 times higher than in coal. The sulphur isotope
composition of fly ash was intermediate between coal samples 1 and 2.

The locations where soils were sampled around the factory are shown in
Figure 8.13. At a number of sites, samples were taken in depth increments
representing several horizons. The results of analyses are presented in Table
8.6 and Figure 8.14.

The total sulphur content in the soil samples varied from 0.06 to 0.31%
which is typical of most soils (Builov and Builova, 1976). The inorganic
sulphur content for the majority of samples was greater than the amount of
organic S present (this is not usually the case; see Section 7.1.1). There are
no clear trends in the content of either sulphur forms with depth of sampling
or location of sampling sites along the Nazarovsky transect (Figure 8.13).

The isotopic compositions of sulphate and organic S in most samples
fall within a narrow range (+0.7 to + 3.7%0, except for two, +4.8 and
5.8%0, both of which occurred in surface horizons) (Figure 8.14). The
isotopic compositions of organic sulphur and sulphate are rather similar

Table 8.4 Content and isotopic composition of different sulphur forms in coal and
ash samples

Table 8.5 Content and isotopic composition of total sulphur in 'fly ash' samples

Sample Section of connecting
pipe
(cm)

S (%) 8'4S (%0)

~--- -----

1
2
3
4
5

0- 30
30- 60
60- 90
90-120

120-150
Average

2.03
1.48
1.75
2.38
3.55

2.24 i: 0.8

+5.0
+3.4
+4.4
+4.1
+3.8

+4.1 i: 0.6

Sample Sulphide Sulphate Organic
---

S (%) 8'4S (%0) S (%) 834S(%0) S (%) 8'4S (%0)

Coal 2 0.08 +0.7 Not detected - 0.123 +2.4
Coal 1 0.06 +9.4 Not detected Not detected
Ash 1 0.34 +2.2 0.34 +1.8
Ash 2 0.35 +1.3 0.39 +0.9
Ash 3 0.32 +3.6 0.38 +3.3
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Table 8.6 Content and isotopic composition of sulphur in soils tH
tH

814S (%0)
0

Sulphur content (%)

Sample depth
- --

Sample Site Type of soil (cm) Sulphate Organic Sulphate Organic
-------

1 2a Grey forest soils 0-3 Trace 0.06 Not detected +1.4
2 2b Grey forest soils 7-13 Trace 0.08 Not detected +3.7
3 3a Grey forest soils 0-3 0.23 0.06 +2.5 +2.5
4 4a Grey forest soils 0-3 0.12 0.08 +5.8 +1.4
5 4b Grey forest soils 7-13 0.22 0.08 +2.2 +2.5
6 5a Alluvial grassland 0-3 0.12 0.08 +1.7 +3.1
7 5b Meadow soils 7-13 0.23 0.06 +1.6 +3.5
8 6a Meadow soils 0-3 0.19 0.06 +4.8 +1.1

6b Meadow soils 7-13 0.17 0.07 +1.4 +1.6
9 1 Chernozem

1a Chernozem 0-3 Trace 0.08 Not detected +2.6
10 1b Chernozem 7-13 0.1 0.06 +2.5 +1.3
11 12a Chernozem 0-3 Trace 0.11 Not detected +1.1

12b Chernozem 7-13 0.07 0.11 +1.0
12c Chernozem 20-23 Trace 0.12 Not detected +1.7

12 11a Chernozem 0-3 Trace 0.18 Not detected +1.4
lIb Chernozem 7-13 0.14 0.08 +2.3

14 lOa Chernozem 0-3 0.2 0.11 +1.9 +1.2
15 lOb Chernozem 7-13 Trace 0.08 Not detected
16 lOc Chernozem 20-23 Trace 0.06 Not detected +1.2
17 9a Chernozem 0-3 0.13 0.01 +2.6 +0.7 v,
18 9b Chernozem 7-13 0.14 0.08 Not detected +1.1 is'
19 8a Chernozem 0-3 0.22 0.06 +2.4 Not detected 0-

::;;-
20 8b Chernozem 7-13 0.25 0.06 +1.9 Not detected :::;-
21 7a Chernozem 0-3 Trace 0.10 +1.6 Not detected ()

22 7b Chernozem 7-13 0.06 0.06 +1.9 Not detected .g
23 7c Chernozem 20-23 0.10 0.09 +1.4 +2.0

'"'"
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but appear to differ more as f>34Sincreases. Kusakabe et at. (1976) did not
find a significant difference in the isotopic composition of such sulphur
forms in soils of some regions of Tunis and New Zealand, in spite of the
fact that f>34Svalues varied there from +12.6 to +20.4%0 (Section 7.1.4). It
would seem that sulphur in soil samples of the current study originated from
decayed plant residues which accumulated for many years prior to the power
plant operation.

There is little difference in the isotopic composition of sulphur from
different soils. With the exception of surface SOi- samples at sites 4 and
6, f>34Svalues for forest, alluvial grassland, and chernozem soil sulphate are:
+2.2 to +2.5, +1.4 to +1.7, and +1.4 to +2.6%0 respectively; and for
organic sulphur: + 1.4 to + 3.7, + 1.1 to + 3.5, and +0.7 to 2.6%0respectively.

There is no trend in f>34Svalues along the vertical soil profiles that would
suggest bacterial SOi- reduction. This is consistent with the relatively good
permeability of the soils and hence aerobic conditions.

8.3.3 Conclusion

The patterns of sulphur isotopic ratios and S contents in the studied soils
in most cases are characteristic of natural occurrences, and as yet have not
been noticeably affected by the power plant S emissions. Some industrial S
may be present in the two surface soil samples taken from sites 4 and 6
near the power station in the downwind direction. Sulphate in these samples
is enriched in 34Scompared to other locations and is about 4%0heavier than
the coexistent organic sulphur. This suggests that the sulphate in the surface
layer at sites 4 and 6 was affected considerably by 34S-enriched rainwater
sulphate and S02 dryfall arising from coal combustion. It is noteworthy that
the concentrations of sulphates enriched in 34S are not statistically higher
than at other locations. Further, isotopically heavy sulphate does not occur
in deeper soil horizons. Therefore, anthropogenic S contamination is very
localized in this area and insignificant to date.

8.4 SULPHUR ISOTOPE MEASUREMENTS RELEVANT TO POWER
PLANT EMISSIONS IN THE NORTHEASTERN UNITED STATES*

8.4.1 Introduction

A body of sulphur isotope data has been collected for fuels, power plant
emissions, and atmospheric sulphur in the northeastern part of the United
States. This information is now presented in part to document its existence
but more importantly to stimulate the reader to consider how such

.L. Newman and J. Forrest.
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information might be used to gain a better understanding of the fate of
sulphur in the environment. The specific sampling techniques and related
considerations are described elsewhere (Forrest and Newman, 1973, 1977;
Forrest et at., 1973; Newman et at., 1971, 1975a, 1975b; Tucker 1969).

8.4.2 Fuels in use

A program was undertaken to obtain information on the isotopic composition
of sulphur in fuel oils supplied to users (mostly power plants) in the states
of New York, Connecticut, and Florida. The results are presented in Table
8.7. These data are insufficient to compute exact regional averages but serve
more to show representative values at these locations. The average (334S
value was found to be approximately + 5%0with a range of about -1 to
+9%0. Fuel oils from anyone supplier or used at anyone power plant can
show a variation in (334Sof more than 3%0.This prompted a study of the
variation with time of the isotopic composition of fuel oil used at two
representative power plants over a two-year period. The results are shown
in Table 8.8. Both these power plants obtained their fuel from the same
source during the study. The average (334Svalue, found at the Northport
plant, was +4.3%0with a range from -0.4 to +5.4%0.The results at English
Station were +5.1%0with a range from +3.5 to +6.2%0.However, it is noted
that the (334Svalues could have daily variations of greater than 2%0.

The isotopic composition of sulphur in coals used at two representative
power plants, one in the state of Missouri and the other in the state of
Pennsylvania, was also examined. A representative (334Svalue for coal is
difficult to determine since coal by its very nature is not uniform and the
large stockpiles at a given plant can be a mixture from a variety of suppliers.
Obtaining a sample of a few grams that is representative of many tons of a
highly variable material is a formidable task. Nevertheless, sample feedstock
to burners were sampled at various times and the results are presented in
Table 8.9. It is not surprising that within-day changes were almost 2%0and
day-to-day variations were as much as 6%0.

The resulting variability in the isotopic composition of the sulphur emitted
into the atmosphere was documented by sampling flue gases at two oil-
burning and two coal-burning plants over periods of 1-3 years. The results
are presented in Table 8.10. Although the range in (334Svalues for the oil-
fired plants was less than 3%0over a two-year period, in the case of coal
it was found to be almost 9%0over one year at Labadie.

During combustion, generally less than 1% of the sulphur is converted to
sulphur trioxide. The isotopic ratio of the emitted S03 was measured and
the results are also presented in Table 8.10. The (334Svalues were found to
be up to 3%0more positive than that of coexisting S02' This fractionation
has been discussed (Forrest et at., 1973) and is a direct measure of the
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Table 8.7 Sulphur isotope composition of fuel oils sampled at various sites in the
eastern USA

Date Name 834S (%0)

Connecticut
10/17/68 Wyatt Oil Supplier
05/14/70 Wyatt Oil Suppier
10/17/68 Tad Jones Oil Supplier
05/14/70 Tad Jones Oil Supplier
10/17/68 Metro Oil Supplier
05/14/70 Metro Oil Supplier
10/17/68 Connecticut Refining Oil Supplier
05/14/70 Connecticut Refining Oil Supplier
05/14/70 Seamless Rubber Industrial User
05/14/70 Federal Paper Industrial User
05/14/70 Sinking Industry Industrial User
05/14/70 Olin Matheson Industrial User
05/14/70 Yale Central Power Plant

Florida
08/18/76
08/18/76
08/19/76

New York
10/02/68
10/17/68
10/02/68
10/17/68
10/02/68
01/09/70
01/29/70
03/09/70
12/08/73
11/19/74
09/11/75

Arthur Kill Power Plant
Arthur Kill Power Plant
Astoria Power Plant
Astoria Power Plant
Ravenswood Power Plant
BNL Power Plant
BNL Power Plant
BNL Power Plant
Albany Power Plant
Port Jefferson Power Plant
Roseton Power Plant

+0.2
+0.9
+1.8
+3.5
+0.5
+6.5
+6.5
+8.7
+5.6
+1.5
-1.1

+6.5
+8.5
+7.4
+9.2
+5.8
+9.1
+5.1
+5.9
+8.9
+7.5
+7.0
+9.1
+9.1

Anciote Power Plant
Anciote Power Plant
Anciote Power Plant

+4.7
+4.8
+4.5

temperature at which the oxidation occurs during the combustion cycle. The
emitted S03 is immediately hydrated in the atmosphere and serves as a
primary source of aerosol sulphate.

8.4.3 Sulphur isotope compositions of ambient ground-level S02 and
sulphate

Almost 400 samples of sulphur dioxide and sulphate at a number of locations
in the northeastern United States have been analysed over a period of 8
years. Samples were taken using high-volume samples with the filter pack
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Table 8.8 Variations in sulphur isotopiccompositionof oils sampledat powerplants
in northeastern USA

Date 834S(%0)

09/17/68
09/18/68
OS/22/69
06/05/69
04/09/70
04/14/70
05/14/70
06/10/70
07/07/70
06/23/70
12/08/70
11/10/70
04/21/71
05/12/70
11/10/70
12/08/70
04/21/71

02/26/68
03/07/68
04/18/68
10/17/68
07/31/69
05/12/70
05/13/70

Long Island Lighting Co., Northport, N.Y.
+0.1
-0.4
+5.0
+4.1
+5.2
+5.2
+5.0
+5.0
+5.4
+4.7
+4.2
+5.0
+4.9
+5.1
+5.0
+4.3
+4.9

English Station, New Haven, Connecticut
+3.9
+6.2
+5.4
+3.5
+5.4
+5.3
+6.1

described by Forrest and Newman (1973). The sampling times ranged from
1 to 24 hours. Averages and ranges for S02 at each location are given in
Table 8.11. The overall average 834Svalue for S02 is +2.2%0 with a range
from -2.1 to +8.7%0. Results for sulphate samples, obtained simultaneously
with S02, are given in Table 8.12. The overall average for the sulphate 834S
value is +5.1%0 with a range from +1.1 to +13.7%0. Therefore, the spreads
in 834Svalues for S02 and sulphate were found to be similar, 11 to 12%0.

All the data for which there are measurements of both sulphate and
sulphur dioxide are plotted in Figure 8.15. One notes that most of the data
lie above the y = x or 'one-to-one' line, meaning that the 834Svalue of an
individual sulphate sample is almost invariably higher than that of cosampled
S02' The average difference is 3%0,which is slightly higher than the average
increase of approximately 1.5%0(see Table 8.10) for the sulphate emitted
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Table 8.9 Variations in the sulphur isotopic composition of coals sampled at power
plants

Date 8'4S (%0)

Keystone, Pa.
05/07/68
05/09/68
05/01/69
09/02/70
OS/24/71
OS/25/71

Labadie, Mo.
06/12/74
06/13/74
06/14/74
06/16/74
06/17/74
06/18/74
07/30/74

+1.9, +1.3, +0.1
+ 1.3, + 1.3, + 1.3
+ 3.4, +4.2

+2.9
+2.4
+3.2

-1.3
-4.3
+2.3
-0.7
+0.8
-1.9
-2.3

Table 8.10 Sulphur isotope composition of power plant flue gas samples

Table 8.11 Sulphur isotope composition of ground-level S02 samples in northeastern
USA

Power plant Fuel Periods 8'4S, S02 (%0) 8'4S, SO, (%0) Number
type of

Mean Range Mean Range
samples

BNL Oil 1969-70 +7.4 +6.2 to +8.4 +8.9 +8.2 to +9.4 7
Northport Oil 1969-71 +4.8 +4.1 to +5.4 +6.6 +5.4 to +8.4 15
Keystone Coal 1970-71 +2.9 +1.3 to +3.7 +4.3 +3.0 to +4.9 27
Labadie Coal 1975 -2.7 -5.0 to +3.6 8

Location Period 8,4S (%0) Number of
samples

Mean Range
----

New Haven, Conn. 1968-70 +2.6 -2.1 to +8.7 150
Long Island, N.Y. 1970-75 +2.1 -2.0 to +4.7 177
New York City 1968-72 +1.5 -1.9 to +3.9 50
Whiteface Mountain, N.Y. 1972 + 1.8 -1.6 to +2.0 3
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Table 8.12 Sulphur isotopiccompositionof ground-levelsulphatesamplesin
northeastern USA
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Figure 8.15 Plot of the (')34Sof sulphate versus those of simultaneously collected S02

Location Period (')34S(%0) Number of
samples

Mean Range

Atlantic Coast, N.Y. 1974 +4.2 + 3.3 to +7.3 6
Whiteface Mountain, N.Y. 1972 +5.9 +4.1 to +7.9 3
New York City, N.Y. 1971-72 +8.5 +3.2 to +13.7 11
Long Island, N.Y. 1970--75 +5.3 + 1.9 to +9.8 175
New Haven, Conn. 1969-70 +4.2 +1.1 to +13.3* 78

. Next highest value +6.9.
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as a result of combustion. One should refrain from trying to ascribe any
simplistic interpretation to these observed differences in the isotopic ratios
of sulphur dioxide and sulphate. Many factors contribute to these differences,
including different sources, fractionation during combustion, a variety of
oxidation reactions in going from S02 to sulphate, and fractionation arising
during removal processes.

Samples were also taken within the mixed layer of the atmosphere, with
a high-volume sampler mounted on board an airplane (Romano et al., 1975).
In the vicinity of power plants, care was taken to be upwind so as to avoid
sampling the high concentrations from local emissions. Since there is more
time for atmospheric mixing and less likelihood of local contamination these
samples can be considered as more representative of a given area than the
ground-level samples. Sampling times ranged from 0.5 to 1 hour. The results
for sulphur dioxide are presented in Table 8.13. The overall average 034S
for more than 100 samples is +2.9%0 with a range from -5.1 to +12.5%0.
Noteworthy is that this airborne average is not significantly different from
the value of +2.2%0 found at ground level.

Since atmospheric sulphate concentrations are relatively low compared to
S02, only a few suitable sulphate samples were obtained with available
aircraft time (Table 8.14). Although the overall 034S value of +3.8%0
certainly cannot be considered representative of the whole north-east, it is
not very different from the value of + 5.1%0obtained with the larger number
of ground-level samples. When the 034S values for sulphate are plotted
against those for simultaneously collected S02, the aircraft data are not
significantly different from the ground-level data (Figure 8.15).

Table 8.13 Sulphur isotope composition of S02 sampled by aircraft

Location Period 834S (%0) Number of
samples

Mean Range

Long Island, N.Y. 1968-74 +2.1 -2.0 to +10.9 25
Roseton, N.Y. 1975 +1.6 1

Albany, N.Y. 1973 +4.5 1
New Haven, Conn. 1969-74 +3.8 -5.1 to +12.5 44
Northern, N.J. 1970 +1.9 +0.4 to +2.6 4
Keystone, Pa. 1968-71 +2.4 -0.6 to +7.0 21
St Louis, Mo. 1974 +3.2 +2.7 to +4.1 11
Sudbury, Canada 1974 +2.6 1

Charleston, W.Va. 1972 +0.9 - 2.5 to +1.6 2
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Table 8.14 Sulphur isotope composition of sulphate sampled by aircraft

Location Period Number of
samples

Keystone, Pa. 1971 13

8.4.4 Available fuels and other sources

The isotopic compositions of sulphur in fuels that are potentially available
for use in power plants were also determined. One motive was to search
for fuels that could be used as unique isotopic tracers. There are four ways
of utilizing sulphur isotopes tracers in power plant studies:

(a) The sulphur in the power plant stack gas may have a (')'4S value
sufficiently different from the background to permit tracer studies with
current plant operations.

(b) Power plants could be operated solely with special fuel from natural
sources, selected on the basis of a sufficient difference in (')34Sfrom the
surrounding background.

(c) Sulphur from natural sources with a (')34Svalue differing significantly
from background can be added to the fuel or to the stack gas before
emission. For example, either elemental sulphur or sulphur derived from
seawater sulphate with a (')34Snear +21%0could be used as an injectable
tracer. Alternatively, sulphur with negative (')34Svalues might be derived
from biogenic pyrites.

(d) Isotopically enriched sulphur from commercial separation processes
could be added to the stack gas as a tracer.

From method (a) to method (d) the cost becomes progressively greater.
Method (a) requires no change in the plant operation and no additional
cost beyond that of sampling and analysis, which is common to any method.
For method (b), locating a source of fuel with an appropriate (')34Swould
add little to the cost but would involve a number of special problems,
described below. Method (c) would be more costly because of the processing
required to get the sulphur into a form suitable for injection. For method
(d), at the time of writing, the cost of isotopic enrichment is very high and
supplies are limited.

The criteria for a fossil fuel suitable for use as a tracer are as follows:

(a) The difference between the (')34Svalue in the fuel and that in the
background must be sufficient to overcome variations in the background.

0'45 (%0)

Mean Range

+3.8 -0.2 to +9.6
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Since in the areas under investigation the background (')34Svaries
between 0 and +5%0, a substance with a (')34Svalue of ::'::10%0would be
sufficient to trace a stack plume out to a distance of about ~20 km.

(b) The sulphur content of the fuel should not be so low that dilution by
background sources becomes a problem, nor so high that the fuel cannot
be used in areas where sulphur emission is restricted. A sulphur content
of 1-2% should be suitable for the metropolitan areas.

(c) Enough fuel stock should be available for a power plant run of about
one day's duration, including storage, startup, switchover, and shutdown.
For a 300- MW (e) plant, this could amount to about a million gallons
of oil.

(d) The quality of the fuel should conform to the specifications used by the
power plant. These include, for oil, the viscosity and flash point, and
for coal, the grade or rank.

A search was initiated for sources of fuel meeting these criteria. Because
of the multitude of sources, the search was begun by analysing fuel from
oil- and coalfields. The crude fuel could then be traced through the refineries
to a supplier for the power plant. Since oil is more likely to be homogeneous
in a given deposit than coal, effort was concentrated on finding a suitable
fuel oil. Furthermore most coal-burning plants are designed for simple
conversion to oil, a suitable fuel oil tracer could be used in both types of
plants.

With the aid of the American Petroleum Institute, the US Bureau of
Mines Petroleum Research Center in BartIesville, Oklahoma, and the
Petroleum Research Center in Laramie, Wyoming, a number of crude oil
samples from various oilfields around the world were obtained for analysis.
Subsequently, several oil, coal, and power companies provided samples of
fuels in use. The results of the analyses for (')34Svalues and sulphur content
for crude oil samples are listed in Table 8.15, for fuel oil in Table 8.16, and
for coal and coke in Table 8.17.

In view of the selection criteria, the following crude oils may be suitable
tracer fuels for power plants in the northeastern USA: River Bend, Wyoming
(sample PC-66-39), Reno, Wyoming (sample PC-66-48), Woodrow,
Montana (sample PC-58-399), and Sho-Vel-Tum, Oklahoma (sample
59171).

The Red Wash oils from Utah have interestingly high (')34Svalues (+ 12.8
and + 16.0), but their low sulphur contents preclude them from further
consideration. Two foreign crude oils warranting further investigation are
Wafra, Kuwait (sample 67065), and Safoniya, Saudi Arabia (sample 67066).

Humble's Esso Refinery oils derived from Venezuelan crude oils have
about the same 034S values (+5.0 to +5.8%0) as the New York City
background value (+5.0%0) observed in 1968 when these fuels were known
to have been used there.
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Table 8.15 The ;)34Svalues in a selection of crude oils

Stable Isotopes

Sample ;)34S (%0)Geographical location and
source

66096
64075

59171
67074

67131

PC-66-39
PC-66-48
PC-67-75
PC-67-76
PC-67-73
PC-67-75

PC-58-138a
PC-59-187a

PC-58-397a
PC-58-399a

PC-59- 368a

Chevron Oil Company
Red Wash crude

Number 6 fuel oil
(Salt Lake City Ref.)
Rangely crude

American Oil Company (AMOCO)
YSN 6796A Middle East
YSN 6976B Middle East

67065 Wafra, Kuwait
67066 Safoniya, Saudi Arabia

Reno crude
Beaver crude

Sulphur content
(wt %)

-~--------

1.51
0.23

1.44
0.44

0.31

2.52
0.77
3.25
2.58
0.54
3.25

0.77
0.44

0.70
0.90

0.86

(0.2% )

2.5
1.4
3.91
2.97

+6.8
-7.9

+14.5
+2.5

+12.8

-6.6
-4.5
+6.9
+5.1
-2.5
+2.0

+3.7

+2.6
-4.8

+4.3

+16.0

+1.4
-0.6

-7.1
+3.2
-9.8
-8.5
-4.8
-3.3

Bartlesville Petroleum Research Center
California

Wilmington
Summerland

Oklahoma
Sho-Vel-Tum
Konawa-Dora

Utah
Red Wash

Laramie Petroleum Research Center
Wyoming

River Bend
Reno
Cowley
Middle Dome
Beaver Creek
Cowley

North Dakota
Newburg
Rival

Montana
Pennel
Woodrow

Nebraska
Ackman

a Oils represented BaS04 samples from Parr bomb sulphur determination.
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Table 8.16 The &34Svalues for sources of fuel oils

Sample Geographical location and source Sulphur content &34S(%0)
(wt %)

Power plants
59-84 Cod Ed (Hess Bunker C) +4.9
RTF-28 Con Ed (Nepco Bunker C) +2.7

LILCO (Venezuela residual) +3.3
English Station N.H. Conn.

(Number 6, 4/19) +5.4
English Station N.H. Conn. (2/21) +3.0
English Station N.H. Conn. (3/8) +5.3
Arthur Kill Station S.I. Number 2 +1.4
United Illuminating English
Station (Conn. (10/17/68) +5.5
English Station (Conn.) (4/19/68) +5.4
Todd Jones (Conn.) (10/17/68) +7.4
Wyatt Oil (Conn. (10/17/68) +6.5
Connecticut Refinery (10/17/68) +5.1
Metro Oil (Conn.) (10/17/68) +5.8

Kerr McGee Oil Company
242 Number 2 diesel oil 0.22 +11.8
242 Number 6 fuel oil 1.10 + 12.4

Shell Oil Company
OSS 48182 Reno Unit, Wyoming (1/29/69) 0.90 -4.7
OSS 48183 Cracking crude 0.80 -1.7
OSS 48184 Topped crude 1.40 -2.2
OSS 48185 Vacuum flashed crude 2.20 -2.3

Sun Oil Company, DX Div., Duncan, Oklahoma
37-S-69 Vacuum residual fuel (Sho-Vel- 1.05 +13.7
37-S-69 Turn) 1.26 +12.1

Sho-Vel-Tum grade

Humble Oil Refinery Company
ESSO F -901 Esso fuels sold in New York area 1.39 +5.8
ESSO F-950 0.99 +5.3
ESSO F-954 2.26 +5.2
ESSO F-962 1.00 +5.0
ESSO F-750 -1.4
ESSO F-958 1.99

Delivered to +7.9
BNL power
plant 1969
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Table 8.17 The 034Svalues for coal and coke

Sample Geographical location and source 034S (%0)

Coals
AG-297
ER-167

Con Ed, Gauley Eagle
Con Ed, Lancashire 24
Cod Ed, Moss 2
Con Ed, Moss 3
Con Ed, Kentland
Arthur Kill coal 10/2/68
Arthur Kill coal
Ravenswood coal 10/2/68
Astoria coal 10/2/68
V.I. coal 10/17/68

+2.4
+4.5
+4.1
+4.1
+2.4
+0.2
+ 1.8
+0.5
+1.8
+4.7

Coke
New Haven Power Plant +1.7

None of the coal 034Svalues is sufficiently different from the New York
and New Haven area background values to be suitable as a tracer fuel.
However, the change in oxidation state of sulphur through a coal-fired plant
can still be followed by measurement of the 034Svalues.

Fuel oil for power plants is usually heavy residual oil (No.6 or Bunker
C) remaining after distillation of lighter oils from the crudes. Two problems
arise in preparing a tracer: (a) refineries usually process a blend of crude
oils to obtain a maximum light-fraction yield and (b) the residual oil might
differ in 034S value substantially from that of the crude oil. A run in a
refinery with a specified crude would be expensive, though not necessarily
out of the question. Alternatively, residual oil can be obtained from refineries
running a high proportion of desirable crudes. This was done for the Reno
(and Shell Oil Company Unit) and Sho-Vel-Tum (Sun Oil Company,
Duncan, Oklahoma) crudes. The Reno crude, with a 034Svalue of -4.7%0,
gave a residual oil (designated as cracking, topped, and vacuum flashed
crude) with values from -1.7 to -2%0, which indicated that the Reno crude
was possibly mixed with other crudes having higher 034Svalues. The Shell
Oil Company stated that on a monthly average the Reno crude comprises
only about 2% of the total cracking stock. Based on a steady background
034Svalue of about +5%0 and a measurement reproducibility of 0.2%0, fuel
with a 034Svalue of -2%0 would allow tracing of one part of sulphur in the
plume with 35 parts of background sulphur. This is sufficient, normally, to
trace plumes out to ~ 10 km.

The residual fuel oil from the Sun Oil Company refinery at Duncan,
Oklahoma, has a high positive 034S value, + 12.9%0. This would be very
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suitable for areas where background 034Svalues range between 0 and +5%0.
Table 8.18 lists fuel oils that could possibly be used for tracer studies in the
northeastern USA.

8.4.5 Conclusions

A body of data has been obtained for the sulphur isotope composition of
fuels that are in use in the northeastern part of the United States. The
variation in 034Svalues with time for emissions from typical oil- and coal-
fired power plants have been examined. The isotopic composition of S02
was measured for an extensive set of samples collected both at ground level
and at elevations within the mixed layer, over a period of eight years at a
number of sites in the north-east.

There is no significant difference between ground-level and airborne data
and the overall average of all results yields a 034S value of +2.4%0 with
more than 90% of the values within the rang~.of 0 to +4%0.The isotope ratio
of sulphur in sulphate in the atmosphere was found to be significantly more
positive than SOz, with an average 034S value of +5.0%0 and a range
containing 90% of the values lying between +3 and +8%0. Sources of fuels
suitable for use as short-range sulphur isotope tracers for power plant plumes
have been identified.

Table 8.18 Possible tracer fuel oils

Sulphur
content (wt %)

1)34S(%0)

Sun Oil Co., DX Division, Duncan, Oklahoma
Shell Oil Co., Reno Unit Refinery, Wyoming
Kerr McGee Oil Co., Wynnfield Refinery, Oklahoma

1.2
2.2
1.1

+12.9
-2.1

+12.1

8.5 ENVIRONMENTAL SULPHUR ISOTOPE STUDIES IN JAPAN

8.5.1 Introduction*

Japan, consisting of four main and several hundred small islands, is
geologically quite young. Its features include mountains, rivers, and heavy
vegetation. High population densities exert enormous pressures on the land,
and the surrounding sea is a major source of sustenance. Therefore,
maintaining the integrity of the environment is very important.

* H.R. Krouse and V.A. Grinenko.
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From the viewpoint of the sulphur cycle, volcanism and biogenic sulphide
constitute significant natural emissions to the atmosphere. Rapid industrial
and economic growth since the end of the Second World War have increased
anthropogenic sulphur inputs to the environment.

Sulphur isotope studies are actively pursued in Japan. Initial facilities
were established in the early 1960sby H. Sakai. Therefore, it is not surprising
that the potential of sulphur isotopes in environmental investigations was
recognized relatively early, as demonstrated by N. Nakai and his colleagues
in the following sections.

8.5.2 The quantity and sulphur isotopic composition of hydrogen sulphide
released from tidal flats*

8.5.2.1 Sampling

Samples were collected at various seashore sites at Mikawa Bay, Japan,
from November 1979 to May 1981 in order to examine the quantity and
isotopic composition of hydrogen sulphide released from coastal belts
containing high anthropogenic organic materials.

The HzS was sampled below and above the water line as shown in Figure
8.16. The air, including the released HzS, was circulated for 10 to 60 min
at the rate of 0.3-0.5 € min-I by means of a 'Mini Pump', trapping HzS
into the aqueous solution containing 1 M NaOH and 0.01 M ascorbic acid.
The sulphide concentration of the solution was determined in situ by the
sulphide ion electrode method, with a detection limit of 0.1 mol €-l
(corresponding to a release rate of 0.1 mol HzS m-Zh-I). For isotopic
analysis, HzS was collected as CdS, then converted to AgzS, and finally to
SOz by heating mixtures of CuO and AgzS in a vacuum system.

8.5.2.2 Observations and discussion

The observed HzS emission rates observed are presented in Table 8.19. The
rates were about 1-2 J.Lmol HzS m-zh-I from organic-rich, black, and
muddy tidal flats (organic carbon contents of sediments, 0.2 to 2.2%), and
less than 0.1 J.LmolHzS m -zh -I from organic-poor, white, and sandy flats.
On one tidal flat particularly enriched in organic matter (12.4% in sediments),
the emission rate was observed to be quite high, 23 mmol HzS m-zh-l. In
Figure 8.17, the average diurnal variation in the emission of HzS is shown
for the Gamagori tidal flat. It is obvious that HzS emission increased up to
1 mmol m-zh-I during the ebb tide.

The seasonal variation of 834S values for both HzS released to air and
the SOi- remaining in pore water of the sediment are presented in Table

* N. Nakai, Y Tsuji, and T. Yatsumimi.
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Figure 8.16 Schematic diagram of the apparatus for capture of H2S released from
tidal flats

Table 8.19 Average and maximum emission rates of hydrogen sulphide

Locality Average H2S
emiSSIOn

(fLmol m-2 h-I)

Maximum H2S emission Number of samples
(fLmol m-2 h-I)

Nishiura
Takeshima

Gamagohri
Ohtsuka

Umeyabu
Shiraya

1.4
1.6

76
<0.1"

0.9
<0.1"

3.8
2.1

23 000
5.4
6.6

<0.1"

4
2

61
4
4
3

a b.d., below detection limit < 0.1 J.l.molm-2 h-'.

8.20 and Figure 8.18. The 834Svalues of H2S vary widely (-21.9 to + 12.0%0),
being most negative in winter and most positive in summer to autumn. This
variation of 834Svalues with season may be caused by temperature-dependent
variable SOl- reduction rates. There is also a difference in the 834Svalues
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Figure 8.17 Average diurnal variation in the emission rate of hydrogen sulphide at
Gamagohri tidal flat in winter, 1979-80. The points represent statistical analyses of

many observations over longer time spans

Table 8.20 The 834Sof H2S released from a tidal flat and of SOl- in pore water
of sediment (Gamagori tidal flat)

Sampling dateil Temperature 834S (%0)
(°C)

H2S released SOl-

18 Nov. 1979 (N) 17 -6.3 +23.6
22 Nov. 1979 (N) 14 -10.1
23 Nov. 1979 (D) 15.5 -9.3 +23.3
14 Dec. 1979 (D) 14 -17.9, -16.4 +23.9, +23.8
11 Dec. 1979 (N) 11 -19.5, -21.9 +24.0
26 July 1980 (N) 22.6 -1.8 +23.7
27 July 1980 (N) 27 +5.8 +25.8
8 Sept. 1980 (D) 25.2 +11.2, +11.5 +37.2
8 Sept. 1980 (N) 24.5 +8.3, +7.7 +31.5
23 Oct. 1980 (N) 15.5 -1.0 +24.0
24 Oct. 1980 (D) 18 +9.5 +24.1
18 Mar. 1981 (D) 8 -9.3 -

4 May 1980 (N) 12.6 +8.5, + 12.0 +26.1, +26.6

D, sampled at day time; N, sampled at night.
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of HzS released in the day and night (Figure 8.18). The mean annual 034S
value of released HzS is probably close to 0%0because the emission rates
are higher in summer to autumn than they are in winter. The 034Svalues
of SO/- in pore water of the sediment also indicate a seasonal dependence
which can be attributed to SO/- reduction.

8.5.3 Secondary production in sulphuric acid from volcanic ash in surface
water after a volcanic eruption*

8.5.3.1 Introduction

Mt Ontake, which is situated about 80 km north of Nagoya in Central Japan,
erupted for the first time in human history on 28 October 1979. Volcanic
ash fell steadily for several days around Mt Ontake, accumulating not only
on land but at the bottoms of rivers and lakes. After the eruption ended,
the ash remaining at the bottom of rivers and lakes produced sulphuric acid
due to bacterial oxidation of indigeneous sulphide minerals. This can be
called the 'secondary disaster' of the volcanic eruption.

* N. Nakai.
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8.5.3.2 Results and discussion

As shown in Table 8.21, the water-soluble sulphate and pyrite (FeSz) in
fresh ash collected from the volcano area have &34Svalues of + 14.5 to
+ 14.7%0and -6.0 to -5.6%0, respectively. This isotopic difference between
SOi- and pyrite can be interpreted in terms of isotopic exchange equilibrium
under hydrothermal conditions. Because it is water soluble, sulphate could
not be detected in ashes suspended in river water or piled on the bottom
sediments.

The volcanic ash was found to contain a high concentration of sulphide
minerals (Table 8.21), and because of this it was expected that sulphuric
acid would be produced, resulting in the acidification of river and lake
water. Laboratory experiments on the bacterial oxidation of sulphide to
sulphate were performed using the volcanic ash collected from the bottom
of a river and stream water containing a negligible amount of SOi-. Fifteen
grams of wet volcanic ash and 50 ml of stream water were placed in several
flasks and kept at 25 °e. Sulphate contents and &34Svalues, together with
pH, were measured at appropriate intervals. The results, indicated in Figure
8.19, show that SOi- (sulphuric acid) was produced rapidly, with an almost
linear relation between SOi- concentration and incubation time. The
S04Z- concentration reached 3.0 g £-1 (0.03 M) after 27 days and pH
decreased to 2.5. The isotopic composition of SOi-, however, shows
constant values of about -5.0%0, approximately equal to that of pyrite
initially contained in the ash. These experiments show that if SOi- is
produced from the oxidation of ash pyrite, its &34Svalue should be much
less than that for sulphate originally contained in the volcanic ash.

Figure 8.20 shows sampling locations of river and lake water. Figure 8.21
shows pH value variations before and after the volcanic eruption for inflow

Table 8.21 Sulphur compounds and (')34Svalues for the volcanic ash erupted from
Mt Ontake on 28 October 1979

Sampling location Soluble S042- Pyrite

Native S
Content (')34S Content (')34S content

(%) (%0) (%) (%0) (%)

Kaidamura village, site 1 1.28 +14.6 5.03 -5.6 0.75
Kaidamura village, site 2 1.41 +14.5 4.99 -5.9
The mid-slope of
Mt Ontake 1.57 +14.7 5.40 -6.0
Mitake (Nakanoyu) 1.94 +14.7 6.19 -6.0

Suspended ashes in
Nigorigawa River 0.00 - 6.06 -5.9 0.81
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river water (Station 5) to the dammed lake and the lake bottom water (60 m
in depth) (Station 9). After the eruption on 28 October 1979 pH values
decreased from 6.5 to 4.5 within two months. Subsequently the bottom
water of the lake became progressively acidified. The pH value reached 3.4
in September 1980 and all the living organisms died.
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Figure 8.21 Decrease in pH at stations 5 and 9 (see Figure 8.20) after the eruption
of Mt Ontake

In Figure 8.22a and b, SOi- contents and the 834Svalues for stations 5
to 9 are plotted from December 1979 to August 1980. For each station,
SOi- contents of water increased gradually and reached 90 mg £-1, which
is unusually high for fresh water. On the other hand, the 834S values
decreased unidirectionally during this time. In August 1980, SOi- at Station
8 had 834Svalues of -5.0 and -4.8%0, which are close to that of the original
pyrite in the volcanic ash and also to that produced by SOi- in the
laboratory oxidation experiments. Thus it is clear that the SOi- which
caused the acidification of water and the extinction of living organisms
originated from the bacterial oxidaton of pyrite contained primarily in
volcanic ashes-the 'secondary disaster'.

As described above, SOi- having a constant 834Svalue of about -5.0%0
is supplied to river and lake waters. Further, the 834Svalues of river and
lake waters are known for the different stations at various times after the

volcanic eruption. Therefore the contribution of SOi- added to the natural
SOi- in the waters can be estimated by using measured 834Svalues. This
contribution was calculated as follows:

A 834S2 + C 834Sp = 834Sh

A + C = 1.0
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where

;)34Sa

;)34Sp

;)34Svalue of naturally occurring S04Z-. This is
equal to + 13.3%0,as observed in the upper reaches
of the river

;)34S value of SOi- at the station where the
secondary S04Z- contribution is to be estimated

;)34Svalue of secondary SOi- produced by
bacterial oxidation of sulphide. This is equal to
-5.0%0

fractions of natural and secondary SOi-
respectively

;)34Sb

A and C

The results obtained from the above calculation are shown in Figure
8.22c. The contribution of secondary SOi- increases from the upper reaches
to lower reaches of the river including the dammed lake. At each station,
the contribution increased continuously, reaching 100% at Station 9 (bottom
water) in August of 1980. It is apparent that a large amount of sulphuric
acid was produced in the water system. Even in 1983, the river and lake
were still acidic with pH values lower than 5.0, especially in bottom lake
waters.

8.5.4 Sources of atmospheric sulphur compounds based on the sulphur
isotopic composition of SOi- in precipitation in Japan, 1960-79*

8.5.4.1 Introduction

Following the Second World War, Japan has gradually been industrialized
and by 1965 air pollution by sulphur compounds had become a major
environmental problem. Tanaka (1978) reported the concentrations of SOz
and HzS (Table 8.22) and pointed out marked differences in the concen-
trations of SOz for urban and rural areas.

Japan should represent a relatively simple case study since it is surrounded
by a marine environment. It should be possible to use ;)34S values to
determine the relative contributions of industrial and oceanic SOi-. Since
1960, samples of S04Z- in rain and snow have been collected in urban and
rural areas of Japan and ;)34Svalues have been determined on samples
collected between 1960 and 1979.

* N. Nakai, Y. Tsuji, and U. Takeuchi.



Case Studies and Potential Applications 353

Table 8.22 SOz and H2S concentration in the atmosphere of Japan (1975, 1978)
(after Tanaka, 1978)

S02/H2S

4.3
50.1

7.1
44.8

2.0
2.3

8.5.4.2 Atmospheric 50z and Hz5 and pH of precipitation in Japan

In order to estimate the extent of rain and snow S pollution in Japan,
especially in industrial and urban areas, pH values and SO/- contents were
determined for rain water collected on 4 and 5 July 1974 in Kanto plains
around Tokyo and Tokyo-Yokohama Industrial sites (Table 8.23). On these
dates, acid rains over the area had the lowest pH values recorded, ranging
from 3.0 to 3.9 for all stations.

Table 8.23 pH values and S042- contents of rain waters taken on 4 and 5 July
1974 in the Kanto plains around Tokyo

Sampling location

Tokyo
Ota-ku
Bunkyo-ku
Chofu City
Musashino City
Mitaka City

Kanagawa Pref.
Yokohama City
Kawasaki City

Gunma Pref.
Tatebayashi City

Ibaragi Pref.
Furukawa City

HzS S02
Location (ppb) (ppb)

Urban
Yokohama (summer, 1975) 2.7 11.7
Yokohama (winter, 1975) 0.87 43.6
Omuta (summer, 1977) - 36.0
Nagoya (summer, 1978) 2.5 17.7
Nagoya (winter, 1978) 1.1 49.3

Rural
Niitsu (autumn, 1976) 2.5 4.9
Arao (summer, 1977) 2.3 5.2

pH SO/- (ppm)

3.9 16.7
3.5 22.6
3.0 22.6
3.3 14.9
3.8 16.7

3.0-4.4
3.7 27.0

3.6

3.9
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In Figure 8.23, a frequency distributionof pH for the wholeyear is shown
by a histogram (%) for the industrial and urban cities, Tokyo (1973) and
Nagoya (1976), and the rural city, Sendai (1973). The pH values for Tokyo
and Nagoya were lower than those for Sendai. Precipitation had pH values
in the range 4.0-4.9 for 50-75% of the time. Surprisingly, values in the
range 3.0-3.9 could be found with a probability of 10-18% in Tokyo and
Nagoya.

In Table 8.24, SOi-/Na+ and SOi-/Cl- ratios for rain and snow samples
from Tokyo and Nagoya are compared to those of sea water, which is an
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Figure 8.23 Frequency distribution of pH values for rain and snow in Japan

Table 8.24 Annual mean SO/- /Na+ and SO/-/Cl- weight ratios of rain and snow
samples taken in urban areas of Japan

Sampling location SOl-/Na+ S042- /Cl-

Nagoya (1946, 1947) 0.82 0.47
Nagoya (1973) 10.7 3.4

Tokyo (1971) 5.2 2.7
Tokyo (1973) 12.3 5.4
Tokyo (1978) 3.8 1.6

Sea water 0.25 0.14
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important source of atmospheric compounds. The data indicate that, since
1971, these ratios in urban areas are about one to two orders of magnitude
higher than in sea water. Furthermore, for the period 1971-78, they are
much higher than in 1946-7 when Japanese industrial activity was at its
lowest just after the Second World War. This suggests that after the War,
anthropogenic S04Z- in rain waters increased with Japanese industrial
growth.

8.5.4.3 Sulphur isotopic composition of SO/- in rain and snow in Japan

Figure 8.24 shows sampling locations for isotopic studies of rain and snow
taken from 1960 to 1979. The isotopic data for S04Z- in precipitation are
compared to seawater SO/-, atmospheric SOz, and aerosol SO/- in Figure
8.25. In Table 8.25, the 534Svalues of the SO/- are presented as yearly
ranges and averages from 1960 to 1979.

As seen in Figure 8.25, even in 1960, two sources of rain SO/- could
be ascertained by sulphur isotope data. One had 534Svalues ranging from
+3.2 to +7.3%0 whereas the other varied from +12.3 to +15.6%0. The
former belongs to samples from industrial and urban sites and the latter to
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Figure 8.24 Rain and snow sampling locations in Japan, 1960-79
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in Japan

samples from non-industrial and rural sites. Since 1960, the 0345 values
decreased in industrial and urban sites and showed a minima of -1.3 to

+4.2%0 in 1971 (Tokyo) and -1.0 to +2.7%0 in 1973 (Nagoya). The yearly
lowering of 0345 values may indicate an increase in the use of fossil fuels
for industrial activity and automobiles. The authors also sampled rain and
snow in the United States in 1960. These samples also had two ranges
of isotopic composition: +5.9 to +6.2%0 for industrial sites in New
Haven, Connecticut, and + 18.9 and + 19.0%0for rural sites in Pittsfield,
Massachusetts.
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Table 8.25 The 034S values of rain and snow S042- taken from 1960 to 1979 in
Japan

Sampling location 034S (%0) Annual mean 034S (%0)

Urban
1960

Tokyo
Nagoya
Osaka-Kobe

1971-2
Tokyo
Nagoya

1973
Tokyo
Nagoya

1978
Tokyo
Nagoya

1979
Tokyo
Nagoya

Rural
1960

Tottori
Matsumoto
Kurume

1971-2
Tottori
Kurume
Akita

1973
Kurume
Akita
Suwa
Ontake

1975-6
Achi

+5.0 to +7.3
+3.2 to +5.9
+6.3 to +7.3

+6.5
+4.5
+6.8

-1.3 to +4.2
-1.1 to +4.0

+ 1.0 (1971), + 1.3 (1972)
+2.1 (1971), + 1.7 (1972)

-1.0 to +4.9
-1.0 to +2.7

+1.2
+0.5

+0.8 to +5.5
+0.5 to +5.0

+2.5
+2.3

+ 1.3 to +4.8
+2.0 to +5.1

+2.6
+2.8

+13.2 to +15.1
+12.3

+ 12.8 to + 15.6

+14.2
+12.3
+14.7

+12.0
+11.7 to +12.3
+11.1 to +12.1

+12.0
+12.0
+11.9

+11.8 to +12.0
+5.5
+0.1
+0.4

+11.9
+5.5
+0.1
+0.4

-0.8 to +3.6 +2.1

All samples from both industrial and rural sites indicate that rain and
snow SOi- are depleted in 34S compared with the 834S values of the
seawater S042-. Even if some of the rainwater S042- is marine in origin,
additional sources of S042- depleted in 34Sare required. Further, industrial
and urban sites require additional sources of SOi- more depleted in 34S
than at rural sites. It is clear that this additional 34S-depleted source is
anthropogenic sulphur emissions in the form of S02 which is oxidized to
SOi-.
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In order to determine the 534Sof anthropogenic SOl in the atmosphere,
the Pb02 collection method was used at industrial sites from 1971 to 1977.
Samples from Osaka, Kasugai, Nagoya, and Wakayama were found to have
an average (')34Svalue of -4.0%0 (Figure 8.25). On the other hand, estimates
of the anthropogenic (')34Svalue based on analyses of coal and oil samples
have a relatively large spread.

During 1971-2, the Japanese government regulated SOx and NOx
emissions. After 1971 and 1973, (')34Svalues increased in Tokyo (+ 1.3 to
+4.8%0 by 1979) and Nagoya (+2.0 to +5.1%0 by 1979). This is consistent
with decreasing relative contributions of anthropogenic sulphur to the
atmosphere. In contrast, with decreasing anthropogenic pollution in industrial
and urban sites, the extension of pollution to rural and non-industrial sites
can be clearly seen from the (')34Svalues after 1973, which reached +0.1 to
+0.4%0 for Akita, Suwa, and Ontake in 1973 and an average of +2.1%0 for
Achi during 1975.

8.5.5 Estimation of the contribution of anthropogenic sulphur to the
atmosphere in Japan*

Various sources for SOi- in the atmosphere over Japan have been
suggested: (a) sea spray S042-, (b) biogenic sulphur, i.e. S042- resulting
from the atmospheric oxidation of H2S primarily produced by anaerobic
bacteria in coastal belts, marshes, soil, and lakes, (c) anthropogenic sulphur,
i.e. SOi- resulting from atmospheric oxdation of anthropogenic S02, and
(d) volcanic sulphur, consisting of S02, H2S, etc. Of the above-mentioned
sources, volcanic sulphur is comparatively insignificant.

If the (')34Svalues for each individual source are known, it is possible to
calculate the contribution of each to the atmosphere. Estimated (')34Svalues
for three sources are as follows:

(a) Sea spray SOi-, (')34Ss= +20.3%0
(b) Biogenic H2S (divided into two sources, coastal H2S and inland H2S):

(i) Coastal H2S, (')34Sc= -2.6%0. This value was estimated on the
assumption that H2S is produced at coastal flats by bacterial
reduction (kinetic effect k32/k34 = 1.023for the followingreactions
of seawater S042- with a constant (')34Sof +20.3%0 in an open
system)

k32

32S042- 7 H232S

k34

34S0/- 3>Hl4S

* N. Nakai, Y. Tsuji, and V. Takeuchi.
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followed by the oxidation of HzS to sulphate in the atmosphere
without isotopic fractionation.

(ii) Land HzS, j)34Se = +6.0%0. The land HzS is released to the
atmosphere through the decomposition of sulphur-containing
organic materials. By assuming that no isotopic fractionation occurs
in the decomposition process, the j)34Svalues can be estimated
from those of organic sulphur.

Combining (i) and (ii) with the emission ratio of coastal/land HzS of 3:7
(Robinson and Robbins, 1970; Eriksson, 1963), the j)34S value of total
natural HzS origins is estimated to be +3.4%0.
(c) Anthropogenic SOz, j)34Sa = -4.0%0. As described in the previous

section, the value can be estimated from observed data. It is assumed
that no isotopic fractionation occurs in the oxidation of SOz to SOl-.

The above estimates are summarized as follows:

(a)
Sea spray

SOl-
j)34Ss = +20.3%0

(b) (i)
Coastal HzS

j)34Sc = -2.6%0

(b) (ii)
Land HzS

j)34Sf = +6.0%0

(c)
Anthropogenic

SOz
j)34Sa = -4.0%0

Coastal HzS/land HzS = 3:7

(b)
Natural HzS

j)34Sn = +3.4%0

The contributions of the individual sources can be calculated for 'polluted
sites' by the following equations. For polluted rain and snow SOl-:

j)34Sp = a j)34Ss + b j)34Sn + C j)34Sa

a + b + c = 1.0

(1)

(2)

where a
b

= fraction of sea spray SOl-
= fraction of SOl- from oxidation of natural HzS
= fraction of anthropogenic SOl-c

In order to estimate the value of c, it is necessary to know the value of
bfa, the ratio of natural HzS to sea spray SOl-. This is estimated to be
0.58 on the basis of the j)34Svalues of rain and snow SOl- at 'unpolluted
sites'.
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Table 8.26 Estimates of the contributions from various sources to rain and snow
SO/-

Contribution (%)

Sampling location Annual mean
OJ4S(0/00) Sea spray

u

3

2

~
......

~
,,

,/,/

if
0

1960 1970 1971 19721973

Coastal and
land HzS

b
Anthropogenic

c

1
1978 1979

Figure 8.26 The anthropogenic to natural sulphur ratio, 1960--79, in industrial and
urban sites of Japan

1960
Tokyo +6.5
Nagoya +4.5
Osaka-Kobe +6.8

1971
Tokyo +1.0
Nagoya +2.1

1972
Tokyo +1.3
Nagoya +1.7

1973
Tokyo +1.2
Nagoya +0.5

1978
Tokyo +2.5
Nagoya +2.3

1979
Tokyo +2.6
Nagoya +2.8

34 24 42
27 20 53
35 25 40

16 12 72
20 14 66

17 12 71
19 13 68

17 12 71
15 10 75

21 15 64
20 15 65

21 15 64
22 16 62

I I
0 Nagoya
8 Tokyo

" saka-Kobe
"

,-- -'"
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For unpolluted rain and snow SOi-,

i)34Sup = ao i)34Ss + bo i)34Sn

ao + bo = 1.0

(3)

(4)

where

ao = fraction derived from sea spray
bo = fraction derived from natural H2S

If it is assumed that SOi- samples collected in non-industrial and rural
sites in 1960 were not affected by anthropogenic SOb the average i)34Svalue
of + 14.0%0substituted into i)34Ssand i)34Sngives a calculated b(/ao value of
0.58.

It is reasonable to assume that

b/a = b(/ao = 0.58 (5)

Finally, by combining equations (1), (2), and (5) and substituting the
estimated i)34S,i)34Sn,and i)34Savalues and measured i)34SSOi- (p) values
into the equations, the percentage contribution of each of the three sources
a, b, and c can be calculated as presented in Table 8.26. Furthermore,
'anthropogenic/natural sulphur' ratios (c/(a + b» can be calculated from
Table 8.26 and plotted for industrial and urban sites (Figure 8.26).

As seen in Table 8.26, the contribution of anthropogenic S02 was 40-50%
of the total atmospheric sulphur at industrial and urban sites in Japan in
1960. The values then increased up to 75% in 1973, corresponding to the
maximum air pollution. After 1973, the pollution has been reduced to
between 60 and 65%.

As described above, an attempt has been made to calculate the relative
contributions of anthropogenic S02, sea spray SOi-, and natural H2S to
the atmosphere by using i)34Svalues of rain and snow SOi-. Although
there is still some uncertainty in the i)34Svalue of natural H2S, the estimated
contribution of anthropogenic S02 (c value) is probably a valid indicator of
annual variations.

8.6 THE USE OF SULPHUR AND OTHER STABLE ISOTOPES IN
ENVIRONMENTAL STUDIES OF REGIONAL GROUNDWATER FLOW

AND SULPHATE MINERAL FORMATION IN KUWAIT*

8.6.1 Introduction

The State of Kuwait occupies part of the sandy and gravelly desert plain of
eastern Arabia (Figure 8.27). This plain slopes towards the north-east and

.B.W. Robinson, M.K. Stewart, and A. Gunatilaka.
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Figure 8.27 Kuwait topography and drainage together with the locations of the
aquifer and sabkha water samples. For sample legend, see Figure 8.30

is broken only by low hills, depressions, escarpments, and shallow wadis.
Elevations range up from sea level to almost 300 m in the south-west. Wadi
Al Batin is a broad, shallow depression (6 km x 50 m) marking the western
boundary of the state. There are no perennial rivers or streams in Kuwait
and the wadis and channels carry only occasional runoff. The drainage is
mainly internal: sometimes into large depressions such as Raudhatain and
Umm Al Aish, where perched lenses of fresh groundwater occur, and
sometimes into playas.

Rainfall in Kuwait is characterized by small amounts (average 100 mm y-l)
and much variability (40-240 mm) since most of it falls during intermittent
thunderstorms from November to April. In this desert climate the average
winter lows are 9 °C and summer highs are 45°C.

High evaporation and low rainfall formed a continental getch layer or
'duricrust' of gypsum and calcite within recent eolian and alluvial sand and
gravel of the desert. Also, in the coastal areas of Sabiyah and Al Khiran
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supratidal salt flats occur on carbonate and clastic muds respectively. These
sabkha areas feature saline ground waters (up to 300%0TDS), algal mats,
and the formation of evaporite minerals such as gypsum and halite. Water
wells in other parts of Kuwait contain brackish ground water with 2-10%0
TDS.

Before the effects of anthropogenic pollution can be assessed in this area,
a framework of background data on the waters and their dissolved constituents
must be established. Oxygen and deuterium isotopic compositions of
water and oxygen, and sulphur isotopic compositions of sulphate were
measured to determine the origin of the water and sulphate and develop a
regional model for the formation of the sabkhas.

8.6.2 Geological setting

Wadi channel and dune sands occurring in the area are Recent to Pleistocene
in age. Finer grained sediments were deposited during the last marine
transgression (maximum sea level 4000 years ago). These carbonate muds
and mixed carbonate-quartz sands host the sabkhas, whereas the desert
sands host the duricrusts of gypsum and calcite (getch layer and caliche).

Fossil getch layers and caliche are found in the underlying Kuwait group
sediments. The stratigraphy of this group and the underlying Hasa group is
summarized in Table 8.27. These rocks dip gently to the north-east (Figure
8.28) and form part of the Arabian Gulf synclinorium, a vast thickness of
sediments deposited on a foreland shelf of the Arabian shield to the south
and west.

The hydrology of Kuwait is shown in Fig. 8.28. A regional groundwater
flow from west to east is observed together with an increase in salinity to
the east. Supporting perched freshwater lenses at Raudhatain and Umm Al

SAUDI ARABIA KUWAIT IRAN
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Stagnant saline
groundwater

"":""Kuwait Group
~
""::" Dammam
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- 7 Rus

-Formation

Umm er Radhuma
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j Evaporation

~ Precipitation

-Groundwater flow

Figure 8.28 Schematic geological cross-section of Kuwait showing groundwater flow
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Table 8.27 Kuwait stratigraphy

Dominant lithologyGroup

Marine, eolian, and
fluvial deposits

Sands, silts, clays, and
gravels

Range of
thickness

Palaeocene

0-
;:
0
....
00
......

'c;j
~
;:

~

0-
;:
0....
00
'"
<J>'"

::t

Gravels and sands, mainly
conglomerate sandstone,
siltstone, shale

Calcareous sandstone,
fossiliferous limestone,
gypsiferous

Quartzose sandstone, some
shale in lower part

Erosional unconformity

Discontinuous chert cap,
chalky and siliceous
limestone, dolomite

Anhydrite, limestone, marl

Marly limestone, dolomite,
anhydrite

Dibdibba

Lower Fars

Ghar

Dammam

Rus

Umm er Radhuma

Up to 110 m

110m

1-280 m

185-215 m

75-125 m

185-430 m

W
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~
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Age
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Aish, the Kuwait group of porous sands, silts, and gravels can be an excellent
aquifer. Also the Dammam group is a good aquifer due to jointing, faulting,
and karstification. Considerable leakage may take place between the two
aquifers. The Dammam dome outcrops in Saudi Arabia to the west of
Kuwait. It has a present-day areal outcrop of about 100 km2 and dips to
the north-east to reach a depth of 300 m below sea level in northern Kuwait.
This aquifer underlies the whole of Kuwait and is underlain by the Rus
formation which is an effective aquiclude. No leakage takes place from the
lower Umm er Radhuma formation into the Dammam formation. The

Dammam aquifer is the main water source for the brackish water supplies
in Kuwait.

8.6.3 Sampling and analytical techniques

Water and mineral samples were collected as summarized in Table 8.28. All
water samples were analysed for their oxygen and deuterium isotopic
compositions by standard techniques (Hulston et al., 1981). Separate I-litre
water samples were collected and sterilized for all of the above except rain
water, and the sulphate was precipitated in BaS04. The gypsum and
anhydrite samples were also converted to BaS04' These BaS04 samples
were analysed for their oxygen and sulphur isotopic compositions using the
techniques given by Robinson (1976).

The isotopic compositions of all the samples are shown in Table 8.28 and
the sample locations are given in Figures 8.27 and 8.29.

8.6.4 Isotopic composition of the waters

The isotopic compositions of the waters are shown in Figure 8.30. Included
on this plot are data from Kuwait group and Dammam formation waters
from western Kuwait (Abusada, 1981) and Dammam and Neogene aquifer
waters in Saudi Arabia (Shampine et al., 1978).

The rainfall analyses plot close to a meteoric water line (oD = 80180 +
15). Fresh waters at Raudhatain and Umm Al Aish also lie along this line,
indicating that they are essentially rain water. There appears to have been
little or no mixing with Dammam waters and little or no evaporation. The
latter fact appears very surprising in the desert environment until it is
considered that the rainfall is very heavy for short periods of time. Hence,
water that recharges the aquifer does so quickly in depressions and wadi
bottoms and will be little changed by evaporation compared to stagnant
water and water that only penetrates to shallow levels. The Raudhatain and
Umm Al Aish waters are also close in isotopic composition to waters
sampled near the outcrop of their aquifers in Saudi Arabia (Shampine et
at., 1978). Tritium analyses of a few Neogene aquifer waters in Kuwait
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Table 8.28 Oxygenand deuteriumisotopic compositions of Kuwait waters and
sulphur and oxygen isotopic compositions of dissolved sulphate and sulphate minerals

Date Sample Water Sulphate

IHO (%0) D (%0) 34S (%0) lKO (%0)
--

Rain water
Winter 1982/3 Wadi Al Batin -0.5 +10.3
Winter 1982/3 Khaldiya -2.9 -6.0
Winter 1982/3 Al Khiran -2.2 -7.9
October 1982 Southern Al -0.9 +2.9

Khiran

Freshwater wells
(0.4-2%0 TDS; SOi-, Cl-, HC03)
Raudhatain

November 1981 Well R1 -3.5 -9.5 +16.0 +14.6
November 1981 R3 -3.2 -8.1 +15.7 + 15.1
November 1981 R5 -3.6 -14.4 +15.3 + 14.4
November 1981 R6 -3.2 -9.3 +15.6 + 14.3
November 1981 R9 -3.4 -10.5 - +14.9
November 1981 R16 -3.3 -11.5 +15.8 + 15.0
November 1981 R20 -4.1 -11.1 +15.7 +14.5
November 1981 R27 -3.7 -12.4 +15.5 +15.8
November 1981 R58 -3.6 -11.5 +15.5 + 14.0
November 1981 R61 -3.2 -11.4 +15.8 +15.2
November 1981 R64 -3.3 -10.6 + 15.4 +14.0

Umm AI Aish
November 1981 Well U20 -3.3 -13.0 + 15.4 +13.6
November 1981 U22 -3.0 -10.5 + 15.3 +13.7
November 1981 U54 -2.5 -6.1 +15.5 +13.8

Gulf sea water
(45%0TDS)

December 1981 +2.4 +14.7 +20.9 +10.4

Pits in Sabkha Muds
(0.5-2 m; 20-300 TDS)

Sabiyah

May 1982 S1 +0.8 -11.1 +14.9 +13.2
May 1982 S2 +6.5 +21.0 + 19.4 +9.8
May 1982 S3 +6.2 +21.0 + 19.7 +8.5

Al Khiran
December 1981 BIO +3.1 +16.1 +21.3 +11.0
December 1981 B9 +6.1 +23.1 +20.2 + 10.1
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Table 8.28 Continued

Date Sample Water Sulphate

180 (%0) D (%0) 34S(%0) 180 (%0)

October 1982 B9 +6.4 +21.2 +18.9 +10.8
December 1981 B-1 +1.2 -8.8 +17.6 +14.3
October 1982 B-1 +0.6 -9.1 +17.2 +13.8
December 1981 B-8 +0.2 -15.0 +15.8 +13.6
October 1982 B-8 +0.7 -12.4 +14.6 +13.6
December 1982 HZ +4.2 +4.6 +17.0 +10.5
December 1982 K2 +0.8 -7.5 +13.8 +12.8
December 1982 Kl +0.8 -9.1 +14.0 +13.1
December 1982 K-l +0.3 -7.6 - -

April 1982 Cl -0.5 -16.7 +13.4 +13.4
October 1982 Cl -0.8 -15.2 +13.7 +14.6
April 1982 C2 -0.9 -16.2 +13.8 + 13.3
April 1982 C3 -1.0 -16.1 +13.5 +13.7
October 1982 C3 -0.8 -14.8 +13.8 +13.9
April 1982 C4 +0.9 -3.3 +12.9 +12.9
April 1982 C5 -0.3 -8.2 +13.4

Wafra Brackish Water wells
(4-90/00TDS; CI-, SOi-)

April 1982 C6 -1.9 -13.9 +14.9 +14.5
April 1982 C7 -1.9 -14.1 +14.6 +14.3

Sulphate minerals
- Rus anhydrite - - +18.6 +14.2
December 1982 Wadi AI Batin - +15.6 +15.6

getch

Sulphate minerals from Al Khiran sabkha
1980 A, primary - - +15.8 +14.9

discoid
gypsum

1980 B, anhydrite - - +17.4 +13.9
(cottage cheese
form)

1980 C, bassanite - - +12.1 +14.6
1980 D, alabastine - - +15.3 +14.5

gypsum
1980 E, anhydrite - - +15.8 +14.2
1980 F, anhydrite - - +14.0 +13.8
1980 G, cemented - - +16.2 +15.6

gypsum crust
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Figure 8.29 An east-west cross-section of the Al Khiran sabkha. The area from the
east of C1 to the coast is underlain by marine sediments; that to the west of C1 is

underlain by desert sands
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Figure 8.30 A plot of the water isotope data for the sabkha and ground waters

indicate that variable amounts of modern recharge do take place (Abusada,
1981).

Kuwait group and Dammam formation waters from western Kuwait
(Abusada, 1981), together with Dammam and Neogene aquifer waters in
Saudi Arabia (Shampine et at., 1978), are isotopically much lighter than the
fresh waters. Published 14Canalyses of these waters in Saudi Arabia place
most of them between 8000 and 32 000 years old. Similarly, 14Cand tritium
analyses of Kuwait waters suggest some waters may be as old as 40 000
years (Abusada, 1981). The lower isotopic values of these waters (plotting
in the bottom left corner of Figure 8.30) are consistent with a cooler and



. - d-

Case Studies and Potential Applications 369

wetter climate than today. Chapman (1971) proposed a cool moist pluvial
period between 11 000 and 60000 years B.P. Presumably these waters fell
in Saudi Arabia onto the Dammam aquifer and have been slowly penetrating
and moving towards the Gulf where they can now be tapped by drilling.
Their isotopic composition was probably around oD-40%0, 0180, -6%0.

These older formation waters show a marked isotopic shift from the
present-day meteoric water line and may be closer to a line oD = 80180 +
8. Shifts from this line as noted in other areas, e.g. Fleischer et al. (1977)
and Gat and Issar (1974), may arise from membrane filtration as the water
passes through clay layers in the aquifers, slight oxygen isotope exchange
of the waters with carbonate minerals in the rocks, or a combination of
these effects.

Waters sampled from the pits dug in the sabkhas and desert areas are
seen as a board linear group in Figure 8.30. A line through this group and
the old formation waters discussed above has a slope of 5, as theoretically
predicted for water evaporating. Variable evaporation of the old formation
waters along a line of slope 5 in Figure 8.30 could produce the observed
trend. Furthermore, the samples taken from the sabkha areas underlain by
marine muds show the most evaporation. This can be explained by the muds
producing a capillary pumping effect on the waters (McKenzie et al., 1980)
and causing more evaporation and enrichment in 180 and D.

In addition, the coastal Gulf sea water exhibits a similar evaporation trend
from open ocean water (SMOW). Sample BlO was taken from a tidal
channel in the sabkha and appears to be derived from sea water. Other
samples taken close to the areas of occasional sea water flooding of the
sabkhas (B9, S3, and S2) have isotopic compositions that suggest that they
are a mixture of highly evaporated formation water and highly evaporated
sea water.

The transverse taken for samples Cl to C6/7 at Wafra (see Figure 8.27)
shows some mixing of Cl to C3 types of water with recent recharge water.
Wafra well waters (C6 and C7) may represent aquifer water plus recharge
from irrigation and rainfall. Samples C4 and C5 show more evaporation,
which can be explained by the fact that the water table is much closer
(0.5 m) to the surface in these desert pans.

8.6.5 Isotopic composition of the sulphate

The sample of Gulf sea water and the sabkha samples collected in tidal
channels or areas of occasional seawater flooding group around normal
isotopic values for seawater sulphate in the bottom right corner of Figure
8.31. In samples such as B9, S2, and S3, the main water source is evaporated
formation water but SOi- comes mainly from sea water brought into the
areaduring flooding. Sample HZ represents sea-/continental-sulphate mixing.
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Figure 8.31 A plot of the sulphate isotope data for dissolved sulphate in the sabkha
and ground waters and sulphate mineral samples. The sample legend is the same as

in Figure 8.29

+12

All the other samples have more positive 0180 values and lower 034S
values, consistent with a continental origin. It was initially thought that the
Rus anhydrite aquiclude may contribute sulphate to the formation waters.
However, its sulphur isotopic composition is more positive than the SOi-.
Also, drilling tests indicate that waters from deeper aquifers do not cross
the Rus formation and sulphate contribution from any deeper source, as
suggested by Rouse and Sherif (1980) for the sabkhas of the western Gulf
of Sirte, is not applicable to this area. Rather, the sulphate must be from
a relatively shallow source.

Sulphate in the freshwater samples and the Wadi Al Batin getch gypsum
were probably enriched in the heavier isotopes during bacterial reduction
in the algal mats beneath the sabkhas. It should be noted that the source
of sulphate for the sabkha minerals probably had isotope values similar to
samples Sl and CI because a fractionation of up to a few per mil accompanies
mineral precipitation (Butler et at., 1973).

Sulphate samples from waters of Neogene aquifers in Saudi Arabia have
034Svalues around 12 :t 1%0and Dammam aquifers 12 :t 4%0(Shampine et
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ai., 1978).These averages are a little lower than that for the Kuwait samples.
The origin of this continental sulphate is rock-soil sulphate plus any rainwater
contribution. Rainwater sulphate may have become concentrated in the
getch layers in the upper part of the Kuwait group. Its sulphur isotope
composition would represent a mixture of airborne seawater sulphate plus
continental oxidized HzS on top of which is imposed a heavy isotope
enrichment due to bacterial reduction.

8.6.6 Conclusions

The Kuwait ground waters are mainly old formation waters with low ~D
and ~18a values. Some areas, e.g. Umm Al Aish, have more positive isotope
values because of local groundwater recharge. The sabkha waters are derived
from formation waters by evaporation and isotopic enrichment. Some well
waters (Wafra) show mixing of evaporated formation water and recent
recharge. Similarly, the sabkha samples influenced by seawater incursion
probably represent a mixture of highly evaporated formation water and
highly evaporated sea water. Sulphate in the other waters and minerals is
continental in origin. It may be derived in part from leaching of getch layers
where concentration of rainwater sulphate has taken place for a long period
of time.

8.7 NATURAL SULPHUR ISOTOPE DISTRIBUTIONS FOR
SULPHATE AND SULPHIDES IN SEMI-ARID, MARGINAL MARINE

ENVIRONMENTS IN AUSTRALIA*

8.7.1. Introduction

The peritidalt zone occupies a special position in biogeochemical sulphur
cycling because it is an interface between the major geospheres and their
sulphur reservoirs. Rivers and ground waters carry sulphate from precipitation
and weathering processes to this zone, and marine incursions can leave high
sulphate concentrations to form evaporitic deposits. Intertidal sediments are
recognized as one environment in which bacterial sulphate reduction occurs,
often in close proximity to cyanobacterial mats (Jorgensen and Cohen, 1977;
Nedwell and Abram, 1978; Bauld et ai., 1979; Skyring et ai., 1983; Lyons
et ai., 1984; Howarth and Marino, 1984). Such an environment has the
potential not only to produce sulphide-rich sediments but also to contribute
to the atmospheric sulphur budget by emissions of volatile sulphur compounds
including HzS, CSz, cas, CH3S, OMS, and DMOS (Zehnder and Zinder,

. L.A. Plumb (Chambers)

; Peritidal refers to sedimentological environments including supratidal, intertidal, and shallow
subtidal (Folk, 1973).
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1980). A further indication of the importance for sulphur cycling of this
cyanobacterial, tidal-flat type of environment has come from the geological
record. Features of these modern sediments have been observed in sediments

of Proterozoic stratiform copper deposits (Smith, 1976)-economically
important continental reservoirs in the global sulphur budget.

These evaporite flats form along the landward margins of regressive seas
and are extensively colonized by cyanobacterial mats. Classic examples are
found on the Trucial Coast, Persian Gulf, along the shores of Spencer Gulf,
South Australia, and within Shark Bay , Western Australia. This paper will
present and compare sulphur isotope data from the Australian sites with
relevant information from the other locations in an attempt to establish a
framework for this type of environment against which anthropogenic
introductions could be assessed.

8.7.2 Study sites

8.7.2.1 Spencer Gulf, South Australia

Spencer Gulf is a funnel-shaped extension of the Southern Ocean into the
semi-arid margin of the Australian continent (Figure 8.32B,C). It is an area
of temperate carbonate sedimentation with relatively high salinities in the
most northern section. A powerful tidal regime and wind-generated wave
action have contributed to progradation of the shoreline and the formation
of regressive sequences. Cyanobacterial mats colonize parts of the high
intertidal and supratidal zones. The evolution of groundwaters and their
interaction with the sediments has been studied at four areas along the
north-eastern shore (Figure 8.23E). In the north, at Red Cliff and Mambray
Creek, groundwater is localized in channels beneath alluvial fans flanking
the relatively close Flinders Ranges. At Wood Point and Fisherman Bay the
coastal plain is broader and the groundwater input to the peritidal zone is
more diffuse, resulting in the formation of ephemeral lakes in addition to
localized springs. Abundant gypsum is found associated with all the emergent
waters, and biogenic sulphides form both in the lakes and in intertidal zones
colonized by cyanobacterial mats.

8.7.2.2 Shark Bay, Western Australia

Shark Bay is a large marine embayment on the west coast of Australia
(Figure 8.32A, B). It is an area of active carbonate sedimentation in a semi-
arid environment where rainfall is of the order of one-tenth the evaporation
rate. Within Hamelin Pool and Lharidon Bight (Figure 8.32D) hypersalinity
develops as a result of restricted influx from the Indian Ocean because of
sea-grass sills at their northern limits. Cyclonic summer depressions and
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severe winter storms produce extreme northerly winds which have produced
prograding beach ridges on a regressive shoreline. This activity within the
barred Hamelin Basin also produces an abnormal high-tide range and
extended tidal flats, most notably in the southern region at Nilemah
Embayment. The area is particularly famous for its columnar stromatolites
which are analogous to the fossil structures found in many Proterozoic
sedimentary sequences. Cyanobacterial mats also colonize large expanses of
the peritidal sediments, and where these are dissected by tidal channels the
fill sediments display an algal-laminated structure. Meteoric groundwaters
emerge from Pleistocene dune formations and mix with brines of marine
origin across as much as 2 km of tidal flat. Gypsum is the principal evaporite
and is formed in the high intertidal zone.

8.7.3 Isotope data for water and sulphates

Groundwater sulphate 034S values of peritidal areas studied range from
+13.5 to +20.7%0 (Tables 8.29 and 8.30). Although there is some continental
sulphate, marine sulphate is the dominant influence. The presence at Port
Pirie of a smelter, which has treated Pb-Zn ores (034S= 0%0)from Broken
Hill for 94 years, raises the possibility of anthropogenic sulphur in the
environment. A study of heavy metal contamination of soils in the area
(Cartwright et at., 1976) suggests that the effect is minimal. For the metals,
the greatest influence was in the immediate vicinity of the smelter and on
the western slopes of the Flinders Ranges in an area NNW of the smelter.
This is consistent with wind patterns for the area which are predominantly
from the SSE. If there had been considerable aerial transport of effluent it
would most likely have been to the north, during the rainy season, and
since sulphate in this region is more 34S enriched than in the south,
contamination from a source with 034S = 0%0seems unlikely.

In the Spencer Gulf areas, most groundwater evolves during passage
through either a water table Pleistocene aquifer or a confined Tertiary
carbonate aquifer (Ferguson et at., 1982). The latter commonly contains
pyrite and a smell of HzS has been noted in some emerging waters (Clarke,
1975). A small Pleistocene gravel pressure aquifer, which may be influenced
by a local reservoir, has been noted in the Baroota area (Clarke, 1975).
Figure 8.32E shows the extent of the tertiary pressure aquifer within the
Pirie-Torrens basin and denotes boreholes for which 034Svalues of dissolved

sulphate are available. In the Red Cliff Point area, a drill hole and
resurgences have also been marked because their waters are closely related,
both spatially and chemically. Data for these are included in Table 8.29 for
waters with> 25 meq .(;-1SOi- .

The isotopic composition of hydrogen and oxygen in water varies, largely
as a result of fractionation caused by evaporation and condensation.
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Table 8.29 Isotopic and chemical data for groundwater sulphate and gypsum from study sites at Spencer Gulf, South Australia

Reddiff Point
(5)

Mambray
(8)

Wood Point
(11)

Fisherman Bay
(8)

a34sS0~- (%0)

a1HoH20 (%0)

aD (%0)
Na+/CI- (meq)
CI-/SO/- (meq)
SO/- (meq £-1)

Gypsum
a34s (%0)

+18.6to +20.7
-4.4 to -2.9
-37 to -18
0.93 to 1.03
6.7 to 8.5
35 to 718

+19.9 to +21.1

( ) Number of sites.
Detailed data in Appendix B.

+16.4to +20.6
+4.7 to +5.5

+16
0.75 to 0.86
9.7 to 23.5
79 to 319

+19.2 to +21.4

+ 13.5 to +20.6
+3.1
+2.0

0.75 to 0.84
8.9 to 14.8
204 to 377

+18.0 to +22.8

+15.0to+19.6
-2.5 to +3.9
-20 to +19
0.79 to 1.04
7.6 to 15
63 to 386

+17.8

(,;.)
)

0\

v,
i:;
s::'"
<::;-
C)
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Hydrogen isotopes are fractionated in proportion to the oxygen isotopes
and there is a worldwide correlation between D and 180 contents of
precipitation (* 5D = 85180 + 10) where both delta values are relative to
the standard mean ocean water (SMOW), taken as zero. The extent of
fractionation is related to latitude and is principally controlled by temperature.
Rainfall near the equator is likely to show the least amount of fractionation
with increasingly light values towards the poles. In the Spencer Gulf region,
average values were 5D, -26.0%0 and 5180, -4.7%0 for rainfall from 1973
to 1975. The isotopic composition of waters subject to evaporation become
enriched in deuterium and 180 such that highly saline brines of marine
origin would be expected to have positive 5D and 511'0 values.

8.7.3.1 Continental waters, Spencer Gulf

Most of the bore waters have relatively low sulphate content (Table 8.31)
and, by comparison with regional precipitation values, oxygen and deuterium
isotope distributions suggest a meteoric origin for the waters themselves
(Ferguson et al., 1982). The range of 534Svalues for sulphate then suggests
a mixture of sources being dissolved by the ground water. Only one water
(north-east of Port Pirie) showed meq ion ratios (Cl-/SO/-, 9.6; Na+/Cl-,
0.82) resembling sea water (CI-/SO/-, 9.7; Na+/Cl-, 0.85), and had a 534S
value of +20.8%0 which could be interpreted as a sea spray influence. The
absence of consistent relationships between sulphate content, pertinent ion
ratios, and the 534S values suggests that these dilute solutions are formed
by interaction of the meteoric waters with aquifer sediments. Furthermore,
there appears to be no clear distinction between ground waters in the
Tertiary carbonates and those of the Pleistocene sediments (Ferguson et al.,
1982), except that in the area east of Wood Point the sulphate is at the low
end of the 534Srange.

8.7.3.2 Peritidal waters, Spencer Gulf

Although the waters at the landward margin of the peritidal zone are more
saline than the continental bore waters, there are similarities between the
534S values of their dissolved sulphates (~ + 15 to + 18%0).The dissolved
sulphate at Red Cliff Point is an exception. There, although the oxygen and
deuterium distributions are clearly characteristic of continental waters, the
sulphate in solution is predominantly marine in origin. This is interpreted
as dissolution of marine evaporites which is consistent with Na+/Cl- meq
ion ratios approaching unity and lower Cl-/SO/- ratios. By contrast,
obviously marine 534S sulphate values at the other Spencer Gulf sites are

.oD = lO3(D/H,,,",p,)D/HsMow - 1). 1)IRO = 103(1RO/\('O,,,mp,j'RO/160SMOW -1).
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Table 8.30 Isotopic and chemical data for groundwater sulphate and gypsum from study sites at Shark Bay, Western Australia

Solar Ponds
(6)

Nilemah
(10)

Playford
(1)

Flagpole
(2)

334SS0~- (%0)

318OH20 (%0)

3D (%0)
Na+/Cl- (meq)
Cl-/S042- (meq)
SO/- (meq £-1)

Gypsum
334S (%0)

+20.8to +22.0
+0.7 to +8.1
-17 to +27
0.87 to 0.98
11.2 to 8.8
101 to 252

+22.4

( ) number of sites.
"Includes values from stations 2 and 3 (Bauld el al., 1979).
h Bore water.
Detailed data in Appendix C.

+ 18.5 to +20.9
-1.1 to +4.0
- 24 to 0
0.85 to 0.97
13.9 to 9.8
46 to 272

+22.3
(intertidal)

+22.0to +27.7"
-1

+3.2
0.95
9.3
98

+ 13.6" to 17.9
-44 to -23
-4.8 to -1.5
1.15 to 0.98
5.6 to 10.0
14 to 67

~
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associated with strongly evaporated sea waters (8180, +3.1 to +5.5%0; 8D,
+2 to +19%0). Figure 8.33 shows the location of drill holes and transects
for these sites (Mambray Creek, Wood Point, and Fisherman Bay).

At Mambray Creek dissolved sulphate along the southern transect is
under marine influence (834S~ +20%0)while the drill holes and northern
transect show 834Svalues < + 18.3%0.These waters have salinities greater
than sea water and springs in the area form gypsum fans.

At Wood Point a series of ephemeral lakes have formed as a consequence
of groundwater discharge. Salinities and water table levels are variable and
gypsum and biogenic sulphides form in the sediments. Sulphate (834S of
+ 15 to + 16%0)in waters landward of the lake is reminiscent of bore waters
to the east, while in the intertidal drill hole sulphate shows an increase in
834S to +19.1%0; this trend is continued along the transect, presumably as
a result of increased proportions of sea water. Within the lake sediments
groundwater sulphate is enriched in 32S (834S= +13.5%0),reflectinga
contribution from oxidation of biogenic sulphides during water table rises.
Sulphides with 834Svalues of -18 to - 35%0have been found in the vadose
zone. A strong continental influence is also evident in both transects at
Fisherman Bay where sulphates from the drill holes and salt lake have 834S
of + 15 to + 16%0.Even close to the sea on the southern transect a 834S
value of + 17 to + 18%0is found.

Gypsum 834Svalues are typically 1-2%0higher than groundwater sulphate
in the immediate vicinity, except for one sample on the seaward side of the
ephemeral lake. Gypsum with 834S = +23%0was found in proximity to
groundwater sulphate with a 834S value of + 16.8%0, indicating an earlier
domination by marine brines.

8.7.3.3 Shark Bay

In the Shark Bay area only limited data are available from the Solar Ponds
and Nilemah Embayment. The former show no evidence of continental
sulphate (Table 8.30) despite an indication of continental waters from
deuterium and oxygen isotopes. The gypsum lakes 1-2 km inland from the
present peritidal zone have a marine source, but no hinterland bores or drill
holes have been investigated. Similarly, at Nilemah Embayment, studies
have concentrated on the peritidal region with lighter sulphate being found
in continental inflow. Samples from two other sites reflect the very active
sulphate reduction in sediments at Playford Transect (Bauld et al., 1979)
and the possible influence of bore water mixing with sea water at Flagpole
Landing.

Table 8.32 compares the Australian data with those for the Persian Gulf.
The Australian groundwater sulphate tends towards lighter values as a result
of localized contribution from oxidation of biogenic sulphides. The high



Table 8.31 Distributians far sulphate in bare waters and Broughtan River, Spencer Gulf

( ) Number of sites.
Detailed data in Appendix A.
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Mambray Creek Baraata Part Pirie Waad Paint Braughtan River
(5) (4) (3) (4)

334S (%0) +16.4 ta +20.1 +17.8 ta +19.7 +15.5 ta +20.8 +9.0 ta +14.0 +15.6
3180 (%0) -4.4 ta -5.9 -4.3 ta -5.2 -3.6
3D (%0) -34 ta -39 -29 ta -32 -26
Na+/Ci- (meq) 0.83 ta 2.9 0.61 ta 1.97 0.75 ta 0.82 0.71 ta 0.93 0.89
Ci-/SOl- (meq) 2.6 ta 6.8 4.3 ta 12.0 7.1 ta 10.1 4.4 ta 13.0 4.2
SOl- (meq £-1) 1 ta 6 1 ta 3 4 ta 10 1 ta 25 5
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Table 8.32 Comparison of sulphur isotope distributions in Australian locations with
Persian Gulf

0345 (%0)

Groundwater sulphate" Gypsum

Australian
Persian Gulfb

+13.5 to +27.7
+17.6 to +23.9

+17.8 to +22.4
+17.9 to +26.4

" Sulphate concentration exceeds 25 meq t-I.
h Butler et al. (1973) (see also Section 8.6).

values of the Persian Gulf gypsum have also been attributed to bacterial
sulphate reduction, depleting the brine sulphate in 32S(Butler et al., 1973).

8.7.4 Isotope distribution in peritidal sulphides

The principal source of sulphide in this environment is from bacterial
reduction of seawater sulphate and, because light sulphur is used preferentially
in this process, the sulphides are 32S enriched. The extent of this
discrimination is considered to depend principally on the organism's specific
reduction rate, providing that there is an unlimited sulphate supply (Chambers
and Trudinger, 1979). Depletion of the sulphate reservoir results in 34S
enrichment and smaller apparent fractionation. In addition, if the sulphide
is not precipitated immediately, a degree of mixing or loss can modify the
range of values. Thus, small natural variations in environmental conditions
could produce a range of sulphur isotope distributions. Within the peritidal
zones of Spencer Gulf and Shark Bay there are a number of slightly different
environments in which bacterial sulphate reduction occurs in association
with cyanobacterial mats. Chambers (1982) has compared data from the
high intertidal zone north of Mambray Creek with analyses of sulphides
from beneath a comparable smooth mat and a compacted, gelatinous
sediment at Playford Transect, Shark Bay (Bauld et al., 1979). The limited
data from Shark Bay fell within the range of values found in Spencer Gulf.
The more moderate values for sulphide from the compacted sediment at
Playford Transect were, however, recognized as the product of an unusual
environment with a restricted sulphate reservoir (Bauld et al., 1979).

Tidal channels represent another variant of the intertidal environment.
Cyanobacterial-layered sediments develop as the mat covering the floor of
the channel is buried by successive deposits. Two such environments have
been studied in channels incising tidal flats marginal to Lharidon Bight and
Gladstone Embayment (Figure 8.32). The Lharidon channel is subject to
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intermittent desiccation, and when sampled the sediments were capped by
halite crystals. It is unlikely that this would occur at Gladstone Embayment
because the channel is directly connected with the embayment. Sulphides
from these sediments showed 834Svalues of -17 to - 32%0to a depth of
50 cm at Lharidon Bight and from - 20 to - 27%0to a depth of 30 cm in
the Gladstone channel. The distribution for these sites has been compared
with that of the intertidal sediments of Spencer Gulf and Shark Bay in
Figure 8.34. The tidal channel data extend the range of 834Svalues expected

TIDAL CHANNElS
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Figure 8.34 Sulphur isotope distributions for sulphides from channel-fillsediments
compared with those of intertidal sediments



Table 8.33 Sources, tonnages, and isotopic composition of sulphur contributed to the atmosphere from utilization of fossil fuels, w
Australia" 00

...".

New South Victoria Queensland South Western Tasmania Northern
Wales Australia Australia Territory

Black coal
S (tonnes x 103) 101.7 - 31.5 10.3 14.4 0.5
334S (%0) +4 - +4 +11 +4 +4

Brown coal
S (tonnes x 103) - 28.4
334S (%0) - +20

Lighter refinery products (LRP)
M spirit S(tonnes x 103) 0.6 0.5 0.3 0.2 0.2 <0.1 0.1
ATF S(tonnes x 103) 0.3 0.2 0.1 <0.1 0.1 0.1 0.2
ADO S(tonnes x 103) 4.6 2.7 3.8 1.3 3.0 0.4 0.5
IDO S(tonnes x 103) 1.0 0.5 0.2 0.3 0.3 0.2 0.1

Total (LRP)
S(tonnes x 103) 6.5 3.9 4.4 1.8 3.6 0.8 0.9
334S(%0calc.) +6 +6 +6 +6 +6 +6 +6

Fuel oil
S(tonnes x 103) 13.8 11.4 18.8 5.2 24.9 6 10.2
334S(%0calc.) 0 0 0 0 0 0 0

Total oil products
S(tonnes x 103) 20.3 15.3 23.2 7.0 28.5 7.6 11.1
334S(%0calc.) + 1.9 +1.5 +1.1 +1.5 +0.8 +0.6 +0.6

c"
Total coal + oil i::;

S(tonnes x 103) 122.0 43.7 54.7 17.3 42.9 8.1 11.1
C!"'

334S (%0 calc.) +3.6 +13.6 +2.8 +7.8 +1.8 +0.8 +0.5 t::;'c

"From 'Black coal in Australia 1981-82', 'Australian Energy Statistics 1982', and data supplied by the Australian Institute of Petroleum Ltd
and the State Electricity Commissionof Victoria in August 1983.
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in the peritidal zone to more negative values (- 9 to - 32%0).The mean of
all values is -19%0.

8.7.5 Summary

Natural sulphur isotope distributions in arid or semi-arid peritidal environ-
ments are strongly influenced by discrimination during bacterial sulphate
reduction. Examples of 32S-enriched groundwater sulphate in sediments
where there are biogenic sulphides suggests a source for the light sulphate
emerging in continental waters in the supratidal. This determines the lower
range of 834S values for gypsum. Although no gypsum as 34S-enriched as
Persian Gulf samples was observed in Australia, 34S-enriched groundwater
sulphate was noted. Sulphides exhibit considerable variability but all are
apparently fractionated by > 30%0(834S, seawater sulphate = +21%0).

In regarding these data as natural distributions the contribution from any
anthropogenic source must be assessed. As has already been mentioned,
contamination from industrial gases in the Port Pirie area seems unlikely,
particularly in view of the isotopic similarity of sulphates in other regions
remote from any such activity. The same argument applies to agricultural
practices which could cause perturbations in the natural patterns.

8.8 CONTRIBUTIONS OF ANTHROPOGENIC SULPHUR TO THE
ATMOSPHERE IN AUSTRALIA

8.8.1 Coals*

Contributions of sulphur to the atmosphere from coal consumption in major
industries, e.g. electricity generation and the metallurgical and cement
industries, are shown in Table 8.33. In the States of Queensland, New South
Wales, South Australia, and Western Australia black coal is the main or a
major energy source. From data presented elsewhere in this volume (Section
4.5.2), an average 834S value of +4 ::t 3%0 is generally assigned to the
sulphur in this coal. However, the few available measurements suggest a
834S value of + 15%0for Leigh Creek coal (Smith and Batts, 1974), which
is mainly used for electricity generation in South Australia. In calculating
the tonnages of sulphur released annually in the individual States, the
sulphur content of the coal utilized is assumed to be 0.5% of which 90% is
voided to the atmosphere as gases.

In Victoria, the situation is different as the main energy source for
electricity generation is brown coal. Not only has this a characteristic 834S
value of +20 ::t 3%0(Section 4.5.2) but inorganic constituents ensure a high

* l.W. Smith.
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degree of retention of sulphur in ash (O'Heare, 1980). Yallourn coal has a
sulphur content of 0.28% (dry basis) of which 24% is retained in ash on
combustion. Morwell coal has a higher sulphur content (0.45% dry basis)
but 50% of this is retained in ash.

These factors were taken into account when compiling the coal data
presented in Table 8.33, which are also shown diagrammatically in Figure
8.35.

8.8.2 Crudes and condensates

In 1981-2 a total of 17800 x 103 tonnes of crude oil containing 15500
tonnes of sulphur with an estimated 334Svalue of + 7 ::!:2%0was produced
locally. Corresponding values for imported crude were 10 900 x 103 tonnes
of crude and 142000 tonnes of sulphur. Middle East crudes comprised 74%
of these total imports with 51% coming from Saudi Arabia alone.
Measurements on Arabian mixed crudes from a Sydney refinery gave a 334S
value of -6.4%0. For purposes of calculation, in the absence of other
information, Australian and all imported crudes, together with their
corresponding refinery products, are credited in this report with 334Svalues
of + 7%0and -6%0 respectively.

In terms of both tonnages consumed and sulphur contents, the five most
significant refinery products in 1981-2 were motor spirit (M/Spirit), aviation
turbo fuel (ATF), automotive diesel oil (ADO), industrial diesel oil (IDa),
and fuel oil (Flail). The tonnages, sulphur contributions, and calculated
334S values for these products are shown in Table 8.34. Clearly only the
last of these products reflects the much higher 34S content and 334Svalue
of the imported crude. All other products appear not to differ significantly
in isotopic composition from local crudes which are dominant in the refining.

The consumption of these refinery products in individual States and the
calculated 334Svalues for sulphur released on combustion are shown in Table
8.33. These data for total oil refinery products are shown diagrammatically in
Figure 8.36.

Also included in Table 8.33 are the total tonnages and calculated 334S
values of sulphur released to the atmosphere from fossil fuel (coal + oil)
consumption. These data are presented diagrammatically in Figure 8.37.

A comparison of Figures 8.35, 8.36, and 8.37 allows the variability in
sulphur contributions to the atmosphere over the Australian content to be
visualized. Corresponding 334Svalues for this sulphur should be regarded
with reserve in view of the extremely limited isotopic information on crude
oil products.



" From data supplied by the Australian Institute of Petroleum Ltd, August 1983.
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Table 8.34 Tonnages, sulphur contents, and isotopic compositions of major refinery products, 1981-2"

Product Imports Local Total 034S
-------- (%0calc.)

Quantity Sulphur Quantity Sulphur Consumption Sulphur
(tonnes x 103) (tonnes) (tonnes x 103) (tonnes) (tonnes x 103) (tonnes)

----- -------

M/Spirit 295 88 10 959 1694 11 254 1 782 +6
ATF 83 84 1 674 655 1 758 739 +5
ADO 439 1 759 6139 14 810 6579 16569 +6
IDa 9 76 524 2391 534 2467 +7
Flail 1452 43 574 2817 47 572 4270 91 146 0
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8.8.3 Natural gases*

No information on the isotopic composition of sulphur in natural gases
exists; however, previous estimates of sulphur entering the environment
from this source (800 tonnes) suggest its effect to be insignificant (Manuell,
1980).

8.8.4 Oil shales*

The analyses of single, possibly unrepresentative samples of a variety of oil
shales are shown in Table 8.35, together with estimates of the reserves of
such shale, their total sulphur contents, and 534Svalues. These shales are
not currently utilized; however, the size and isotopic composition of these
shale reserves suggest that, if they were used for liquid hydrocarbon
production in the future, combustion of the products might produce major
changes to the existing scene.

8.8.5 Isotopic composition and fate of sulphur mined in Australia with
copper, lead, zinc, and nickel orest

Australia's mineral wealth lies principally in massive sulphide deposits whose
mining and subsequent treatment will alter the S content of the environment.
As a result of extensive research on many deposits, a considerable sulphur
isotope data base exists for the economic minerals. This information, coupled
with relevant production and export data, permits an estimate of the

Table 8.35 Quantity" and isotopic composition of sulphur associated with oil shale

Source Estimated
reserves

(tonnes x 109)

Total sulphur Sulphur
(%) (tonnes x 106)

834S

(%0)

Condor
Julia Creek

(Toolebuc Formation)
Rundle
Tasmanite
Nagoorin

18
3800 ?

4.7
0.03

a From Gibson (1981).

* l.W. Smith.

:\: L.A. Plumb (Chambers).

0.61 110 +8.0
2.11 80 000 -7.9

0.90 42 +21.7
3.35 1 +12.7
1.09 - +12.1
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Table 8.36 The O:J4S(%0) values for sulphides of copper, lead, and zinc ores mined in Australia
\0
N

Mine Pyrite, pyrrhotite Chalcocite, Galena Sphalerite Average References
chalcopyrite, bornite and

comments
-------- --

Mt Isa +15.6 +13.3 +12.1 +16.7 +14.5 Solomon (1965)
Mt Lyell +7.2 +6.4 +6.9 Solomon ef al. (1969);

Walshe and Solomon
(1981)

Tennant Creek +7 to An expected value
+10

Mt Gunson -9.0 Knutson ef al. (1983)
Cobar +9.4 +9.2 +7.7 +9.5 +9.1 Sun (1983)
Woodlawn +8.1 +6.7 +4.4 +6.9 +6.8 Ayers ef al. (1979)
Dianne +7 to An expected O:J4Svalue

+10
Mt Morgan +2.3 +2.0 +2.4 Eadington ef al.
Mt Chalmers (1974)(average includes

some pyrrhotite
values)

Rosebery +12.0 +11.1 +11.2 +11.2 Stanton and Rafter
(1966); Solomon ef al.
(1969); Green ef al.
(1981)

Mammoth -12.5 -7.5 -10.1 Scott ef al. (1985)
Cleveland +1.9 +2.1 + 1.9 +2.0 Collins (1981)

V)
;;:;

Gunpowder +11.9 +11.9 Scott ef al. (1985) 0-
Broken Hill +0.5 +1.4 +1.0 Both and Smith (1975); t:;-

Stanton and Rafter c
(1966) .g



" Assumes all copper is chalcopyrite.
/> Anticipated &,"5 value.
(' Bacterial leaching. W
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Table 8.37 Stable isotope content of sulphur associated with Australian copper ores and concentrates" smelted and exported D'"
during 1980 (Perkin, 1980)

'"
v,
:::

Mine 034S(A) To smelter (B) To export (C) (A) x (B) (A) x (C)
I:>...

(%0) (k tonnes) (k tonnes) (%0 x k tonnes) (%0 x k tonnes) ;::,;::s
I:>..

Mt Isa +14.5 145.1 13.3 2104 193 '"1::1
Q

Mt Lyell +6.9 1.0 18.9 7 130
Tennant Creek" +7 10.9 - 76 §:
Mt Gunson -9.0 - 8.7 -78 ::t.
Cobar +9.2 6.5 - +60 :g
Woodlawn +6.8 3.0 2.9 20 20 ---.
Dianne"

'"
+7 4.2 29 ;::,...

Mt Morgan +2.4 3.3 8 c'
;::s

Mt Chalmers '"

Rosebery +11.2 2.5 28
Mammoth -10.1 1.0 -10
Cleveland +2.0 0.4 1
Gunpowder" +11.9 1.5 18

- ----

Totals 171.3 51.9 2233 313
223.2 2546

Average 034S +11.4
(%0) + 13.0 Smelted

+6.0 Exported



Table 8.38 Stable isotope content of sulphur associated with Australian lead ores and concentrates" smelted and exported during
1980 (Mock and Roarty, 1980a)

W
1.0
.j:>.

V)
E;
t:J-"
t:;-o
.g
~

Mine 834S(A) To smelter (B) To export (C) (A) x (B) (A) x (C)
(%0) (k tonnes) (k tonnes) (%0x k tonnes) (%0 x k tonnes)

---

Mt Isa +14.5 21.0 - + 304.5
Broken Hill +0.5 30.5 0.8 + 15.3 +0.4
Cobar +7.7 0.3 0.1 +2.3 +0.8
Woodlawn +6.8 1.1 2.0 +7.5 + 13.6
Rosebery +11.2 - 1.2 - +13.4

-----

Totals 52.9 4.1 +329.6 +28.2
57 357.8

Average 834S +6.3
(%0)'- +6.2 Smelted

+6.9 Exported

" Assumes all lead is galena.



Table 8.39 Stable isotope content of sulphur associated with Australian zinc ores and concentrates" refined, smelted, and exported
during 1980 (Mock and Roarty, 1980b)

Q'"'"
v,
i2
:::>...
(;;.
'"
."
;::
:::>...

~
~
:?
~
:J:.

~
c:;'
E?
5'
;::'"

W\0VI

Mine &34S(A) To refinery (B) To smelter (C) To export (D) (A) x (B) (A) x (C) (A) x (D)
(%0) (k tonnes) (k tonnes) (k tonnes) (%0 x k (%0 x k (%0 x k

tonnes) tonnes) tonnes)

Mt Isa 14.5 17.1 - 29.5 248 - 428
Broken Hill +1.4 52.6 2.4 58.8 74 3.4 82
Woodlawn +6.8 17.4 9.4 118 64
Cobar +9.5 3.4 1.0 32 10
Rosebery +11.2 24.4 273

Totals 94.1 23.2 98.7 595 153 584
216 1332

Average &34S +6.2
(%0) +6.3 Refined

+6.6 Smelted
+5.9 Exported

" Assumes all zinc is sphalerite.
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proportion and isotopic composition of anthropogenic sulphurcompounds
in the environment.

Tables 8.36 and 8.37 represent a compilation of 334Svalues for sulphur
associated with the ores mined and treated in Australia during 1980. Data
for the sulphides of Cu, Pb, and Zn are listed in Table 8.36 with the average
comprising all values reported in the quoted references. In Tables 8.37, 8.38 and
8.39, this average is used to calculate bulk 334Sof Cu, Pb, and Zn ores and
concentrates mined, smelted, and exported from all mines except Broken
Hill and Cobar. For these, the relevant values for sphalerite and galena
were considered more appropriate.

Agreement between the calculated sulphur of Pb and Zn concentrates
treated at plants practising recovery (Table 8.40) and production values of
H2SO4 quoted by Driessen (1980) suggests 100% recovery efficiency, which
is unlikely. Thus the estimates of losses for these treatments must be
considered as minimal. No recoveries as H2SO4 are reported in refining and
smelting of Cu ores.

The isotopic distributions of the nickel ores are given in Table 8.41 and
these data are combined with production, refining, and smelting figures in
Table 8.42. A formula of Fe2NiS3 has been adopted as representative of
the nickel ore. This presents a more conservative sulphur budget than
assuming a 32% sulphur content of nickel concentrates (Driessen, 1980)
which is equivalent to a 4: 1 ratio for S/Ni and the nickel-poor end of the
naturally occurring pentlandite solid solution (Harris and Nickel, 1972).
Material not accounted for as matte, Ni-Co, or Cu sulphides and (NH4)zS04
is considered to have been lost to the atmosphere.

Finally, a compilation of losses is presented in Table 8.43. The absence
of tabulated losses during treatment of zinc ores reflects the assumption of
complete recovery as H2SO4'

In summary, in 1980, 52 k tonnes of sulphur with an average 334S = +6.0%0
were exported with Cu ores (Table 8.37), 4 k tonnes of sulphur with an
average 334S = +6.9%0were exported with Pb ores (Table 8.38), and 99 k
tonnes of sulphur with an average 334S = +5.9%0 were exported with Zn
ores (Table 8.39). Sulphur recovered as H2SO4 (Table 8.40), assuming 100%
efficiency, would have been 32 k tonnes with an average 334S = +0.8%0
from Pb ores and 117 k tonnes with an average 334S = +6.4%0 from zinc
ores. For ores smelted and refined in Australia, at least 229 k tonnes of
sulphur with an average 334S= + 11.3%0were lost to the environment (Table
8.43).
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Table 8.40 Sulphur (k tonnes) in lead and zinc ores and concentrates treated at
refineries and smelters which manufacture H2SO4 from effluent (from Tables 8.36

and 8.37)

Totals
Average +0.8

* Compare to 36 k tonnes S recovery as H2SO4 (Driessen, 1980)

Sulphur in zinc ores

31.9*

Mt Isa
Broken Hill
Woodlawn
Cobar
Rosebery

Totals
Average +6.4

* Compare to 122 k tonnes S recovery as H2SO4 (Driessen, 1980)

+14.5
+1.4
+6.8
+9.5

+11.2

17.1
55.0
17.4
3.4

24.4

117.3*

(A) * (B)

+15.3
+ 2.3
+ 7.5

+25.1

+248
+ 77
+118
+ 32
+273

+748

u Driessen, 1980.

Table 8.41 The &34Svalues of sulphides associated with nickel ores mined in Western
Australia

Location Reference&34S

(%0)

Kambalda

Perseverance
Windarra

+2.0
+2.4
-2.2
-0.9

Donnelly et al. (1978)
Seccombe et al. (1981a)
Donnelly et al. (1978)
Donnelly et al. (1978)
Seccombe et al. (1978)
Donnelly et al. (1978)Various +1.7

Average +0.6

Sulphur in lead ores &34S(A) Quantity (B)
%0 k tonnes

Broken Hill +0.5 30.5
Cobar +7.7 0.3
Woodlawn +6.8 1.1
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Table 8.42 Stable isotope content of sulphur associated with Australian nickel
ores and concentrates" refined and smelted during 1980 (Pratt, 1980)

Mine 834S

(%0)

Kambalda
Nepean
Agnew

(Perseverance)

+2.2

-2.2

Totals 72.1 +92.2

Bulk 834S +1.3
k tonnes S

To smelter
Produced matte
To refinery
Produced Ni-Co sulphides

Cu sulphide
(NH4hS04

57.2
8.9"

14.9
0.9
0.8

24.5

72.1 35.1

Loss of 37 k tonnes of + 1.3%oS

a Assumes all nickel is pentlandite.
h Matte contains 20% S, 73% Ni. Ni produced = 32.5k tonnes.

Table 8.43 Sulphur lost to environment in treatment of copper, lead, zinc, and
nickel ores

834S (A)
(%0)

Quantities (B)
(k tonnes)

(A) x (B)
(%0 x k tonnes)

Production 834S produced
(k tonnes) (%0 x k tonnes)

57.0 + 125.4

15.1 -33.2

Lead ores
Mt Isa +14.5 21.0 304.5

Copper ores
Total smelted + 13.0 171.3 223.3

Nickel ores
Calculated losses +1.3 37.0 48.1

Totals 229.3 2585.6

Average 834S (%0) +11.3
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8.9 SULPHUR ISOTOPE STUDIES OF ATMOSPHERIC S AND THE
CORROSION OF MONUMENTS IN PRAGUE, CZECHOSLOVAKIA *

8.9.1 Introduction

The aim of these studies was to differentiate possible sources of rainwater
SOi-, atmospheric S, and gypsum crusts on monuments in Prague,
Czechoslovakia. Prague is an industrial city surrounded by thermal and
electrical power plants. A large conglomerate is located about 100 km to
the north-west (Figure 8.38).

Sulphur isotope abundances were determined for rainwater SO/-, flue
gas, coal, dust particles, S02 and aerosol, and gypsum crusts on stone
monuments.

The flue gas was sampled at the Chvaletice power plant located to the
east. Coal is transported there from West Bohemia. Local emissions were
estimated at 50 400 tonnes yr-1 S02 plus 1650 tonnes from mobile sources.
The mean concentration of rainwater SOi- was found to be 16 mg £-1.
The S02 concentrations fluctuated between 20 J-Lgm-3 in summer and a
maximum of 200 J-Lgm-3 in winter. The dry and wet depositionswere about
3.4 and 8.6 tonnes km-2yr-1 respectively (Novak, 1982).

Pyrite, organic sulphur, and sulphate in coal were examined previously
(Hokr et at., 1972). The pyrite content ranged from 2 to 20%, average 6%.

360'

270'
..Chvaletice

.

~
50 km

180'

Figure 8.38 Locations of power plants around Prague, Czechoslovakia

. F. Busek, 1. Cerny, and J. Sramek.
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Table 8.44 Isotopic compositionof sulphur
in brown coal, Czechoslovakia(after Hokr

et al., 1972)

Form S34S (%0)
--

Sulphate
Pyrite
Organic sulphur

-3.2
-0.6
+1.2

Average - -1

Data from the mine that supplies the Chvaletice plant are summarized in
Table 8.44.

8.9.2 Analytical

The flue gas was sampled by a probe in the stack of the Chvaletice power
plant at a temperature of about 200°C. The S02 and S03 were collected
simultaneously, oxidized in H202 solution, and precipitated as BaS04'

Rainwater was collected with a manual sampler of 1 m2 area, which was
covered during dry periods. The sampler was placed in a heavy polluted
area of the inner city near a meteorological station. Dissolved sulphate was
concentrated by ion exchange (Nehring et al., 1977) and precipitated as
BaS04'

S02 and aerosol were trapped using a Sartorius EM 100 high-volume
sampler and Whatman 40 filters impregnated with KOH-triethanolamine
solution. Sulphate aerosol was collected on a paper prefilter. Between 40
and 100 m3 of air were sampled.

Dry deposition was sampled to compare with rainwater SO/-.
Crust sulphates on monuments were dissolved in acid solution and

precipitated as BaS04.
Approximately 20 mg of BaS04 were converted into S02 by reaction with

V20s (Haur et al., 1973). Isotope analyses were carried out on either an
M86 or a Mat 251 ratio mass spectrometer.

8.9.3 Results and discussion

8.9.3.1 Atmospheric studies

The flue gas in the power plant had 534Svalues (Table 8.45) close to that
of the coal being consumed (534S==-1%0). In comparison, the 534Svalues
of 34 S02 samples ranged from -1 to +6, with an average near +2%0. The
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Table 8.45 Isotopic composition of sulphur in flue gas of the Chvaletice coal fired
power plant.

- monuments

SDz~
aerosol ~

dustfall ---4IJJ---

rain

[

E <l!//!J-

sulphates M~
B <1!/!JP=

~ power plant

-==- coal

-5 0 "'5 ...10
834S (0/00)

Figure 8.39 Summary of environmental sulphur isotope data, Prague, 1981. B, M,
and E designate the beginning, middle and end of storm events

Date Time [SOz] 034S
1981 (h) (fLgm-3) (%0)

11.6 1505-2045 2079 -1.4
12.6 1035-1140 4359 -
12.6 1215-1315 4344 +0.1
12.6 1415-1515 3678 -0.8

Table 8.46 Isotopic composition of sulphate in dustfall

Date, 1982 Exposure SO/- Mass flux 034S
(h) (mg) (mg SOl- (%0)

m-zh-I

29.1- 1.2 77.50 40.1 0.52 +9.0
16.2-17.2 30.75 23.7 0.77 +4.9
26.2- 1.3 66.75 13.8 0.21 +6.7
24.3-27.3 79.50 49.6 0.62 +5.2
27.3-30.3 74.25 20.6 0.28 +5.1

1.5- 3.5 37.75 10.7 0.28 +3.6

Mean 0.45 +5.8
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aerosol displayed the same variation, but was about 1%0heavier on average
than the S02 (Figure 8.39).

The data for dustfall (Table 8.46) and rainwater SOi- were similar, with
034Svalues averaging +6%0. The average concentration of SOi- near the
beginning of storms was about twice that found in the middle and end
(Figure 8.40). There were no significant differences in the isotopic
composition of S042- collected near the beginning and during mid-storm.
The 034S values of SOi- collected near the end of storms appear to be
higher on average than those collected near the beginning or during mid-
storm (Figure 8.39). Further, if the data are divided according to wind
direction, there is no statistical difference in the 034S values of SO/-
associated with the beginning and end of storms coming from the north-
west. In contrast, the 034Sshift during storms coming from other directions
averaged +2%0.

If the above shifts are meaningful, at least two sources of sulphur are
involved. The negligible average shift when the wind was from the north-
west suggests that the power plant complex in that direction constitutes a
dominant source of atmospheric sulphur. Because of its dominance, a
temporal trend was not observed during the storms. However, the average
034Svalue of +6%0 is somewhat higher than that of flue gases measured at
the Chvaletice plant in the easterly direction.

When the wind was southerly or south-westerly, the 034Svalues near the
beginning of the storm also averaged +6%0, which is close to that of the
dominant source. Therefore, the increase in 034S towards the end of the
storm must indicate a second source. One interpretation is that the wind

Figure 8.40 Histograms of SO/- concentrations during the beginning, middle, and
end of storms, Prague, 1981
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and rain scavenged the dominant pollutants from the atmosphere during the
early part of the storm. The SOi- present in rain during the latter stages
of the storm may have been carried by long-range transport.

8.9.3.2 Stone monuments

Corrosion of calcareous stone (marble, limestone, some types of sandstone,
etc.) is one negative aspect of industrialization. The damage to the surfaces
is irreversible and can be described by the general reaction:

CaC03 + (SOz, SO i- , NOn 03, H2O, H+, metals) ~ CaS04"2H2O

el

e e6
2

10 11
00

12
0

e9

13
0 14

0

15
0

016

18
0

400 m

Figure 8.41 Monument samplinglocations in the centre of Prague in relation to the
Vltava River Valley. The black and white circles correspond to areas of higher and

. lower sulphur pollution respectively
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Table 8.47 Sulphur isotope compositionof crusts on selectedhistorical
monuments in Prague

Location" Description O:14S(%0)

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

10.
11.
12.
13.
14.
15.
16.
17.
18.

St. Nicolaus Church
Old Town Hall
Charles Bridge Towers
Charles Bridge Arches
Clam-Gallas Palais
Tyn Church
St. Clement Church
Old Jewish Cemetery
Henry's Tower
St. Vitus Cathedral
St. George Basilica
Fortification Wall
New Town Hall
St. Ludmila Church
Leopold's Gate
St. Martin Rotunda
St. Peter and Paul Church
St. Philip Church

+4.2
+4.5
+4.3
+4.2
+3.6
+4.0
+4.5
+3.2
+4.4
+3.1
+2.9
+1.9
+2.9
+1.8
+2.9
+2.3
+2.4
+2.1

" number corresponds to Fig. 8.41.

Table 8.48 Laboratory studies of reaction between building materials and S02
(2000 ppm S02, 80% relative humidity, 20°C)

The gypsum crusts are more soluble than the original calcium carbonate
and consequently the crusts fall off (Gauri and Holdren, 1981).

Samples were collected from 18 of Prague's historic monuments (Figure
8.41). The locations are divided into two sets designated by black and white
circles corresponding to areas of higher and lower pollution. In the former,
the S02 and NOx concentrations in winter were both about 200 fLgm, -3,
which was roughly five times the values recorded in the less polluted areas.

Sample O:14S (0/00) Surface area Reaction ability Remarks
(m2 g-l)

S02 +12.5 -
Gaize +13.1 0.5 high Fe promoter
Marble +13.5 0.3--0.4 medium pure stone
Sandstone +13.9 1.0-1.2 low binding medium
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Sulphur isotope data were obtained for samples carefully selected to
exclude direct contact with rain and snow. Therefore the crusts were typical
atmospheric sulphur reaction products. The average 334Svalues for samples
from the more and less polluted areas were +4.1 and +2.5%0 respectively,
with no overlap (Table 8.47). However, the ranges for S02 and aerosols
extend well beyond that of the monument data so it is difficult to differentiate
between aerosol and S02 as the prime reactant. However, in laboratory
studies, the sulphate crust was found to be about 1%0enriched in 34S as
compared to reactant S02 (Table 8.48). If the same isotope fractionation is
relevant to the in situ monuments, then hydrolysis-oxidation reactions
involving atmospheric S02 would seem to be the likely mechanism, as
previously discussed by Longinelli and Bartelloni (1978) for monuments in
Venice.

8.10 DETERMINATION OF TOTAL SULPHUR &34SVALUES IN ORE
DEPOSITS OF THE PRECAMBRIAN OF INDIA*

8.10.1 Overview

Sulphur isotope abundances and trace element concentrations were deter-
mined in mineral separates from sulphide ore horizons at Ingaldhal, Kalyadi,
Thinthini, and Hutti in Karnataka State, India. These data have been
interpreted using chemical solution models to provide an estimate of the
isotopic composition of total sulphur in sulphide mineralization in the
Archaean greenstone belts of the Dharwar Craton.

8.10.2 Introduction

In the estimation of lithospheric components of sulphur in the global sulphur
cycle, it is important to be able to estimate the isotopic composition of total
sulphur in ore deposits. In situations where the ore deposit consists
predominantly of a single mineral, the evaluation of 334Sis relatively simple.
The adopted convention is to compute the average of measured 334Svalues
of different samples of the mineral. The situation is more complicated in
multimineralic ore deposits where ore-forming solutions have been influenced
by a variety of parameters during transport and deposition. The relative con-
tribution of these parameters to determining the distribution of sulphur
isotopes in the different precipitating mineral phases must be evaluated
(Ohmoto, 1972; Rye and Ohmoto, 1974). Our recent chemical modelling
of trace element distribution in coexisting sulphide phases (precipitating
from hydrothermal brines) has been used to evaluate the solution chemical

* A.G. Menon, G.V.A. Iyer and V.S. Venkatasubramanian
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parameters, and this information in turn has been used to obtain 834Stotal
from fsz-foz plots.

8.10.3 Sulphur isotope data and estimation of ore solution parameters

The 834Smeasurements were carried out on 27 sulphide samples from ore
deposits at Ingaldhal (Chitradurga belt), Kalyadi, Thinthini, and Hutti,
from the granite-greenstone terrain of Dharwar Craton, South India
(Radhakrishna, 1976). The use of solution equilibria for interpreting sulphur
isotopic abundance variations onfoz -pH plots was reported by Sakai (1968)
and Ohmoto (1972). Working along these lines, three solution parameters,
fsz, foz, and pH, were found to be suitable for explaining the data.

The basic expression for making calculations of total sulphur isotopic
composition is given below (Menon, 1979):

mtotal = (fS/fOZ)1(CI + CzJbz)

where mtotal is the concentration of sulphur in solution, fsz and foz are the
fugacities of sulphur and oxygen respectively, and CI and Cz are functions
of equilibrium constants of solution equilibria, pH, and activities of various
species in solution. This expression, when combined with the sulphur isotopic
balance equation, enables the estimation of the total sulphur isotopic
composition, o34Stotabfor the sulphide minerals that constitute the deposit.

Sulphur isotopic data for the areas investigated are summarized in Tables
8.49 and 8.50 (Menon et al., 1981a, 1981b; Venkatasubramanian et al.,
1981a, 1981b).

At Ingaldhal, a mixed (seawater and magmatic) source has been 'suggested
for the sulphur which has an estimated original sulphur isotopic composition

Table 8.49 Mineralization parameters for ore deposits, Dharwar Craton, South India

Location

Parameters Ingaldhal Kalyadi Thinthini Hutti

mT (M) 0.01 0.01 0.01 0.01
034S (%) 0 to + 10 0 to + 5 0 0
T (°C) 30350 20250 200 350
pH 5 to 7 5 5

log fsz -8 to -10 12 to -14 -11 -13.6

log foz -27 to -31 -39.5 -33 -31

log feoz
- - - +2



034Stotalof about +10%0. The estimated log!s2 is -8 to -10; log!02' -27 to
-31; and temperature about 350°C.

At Kalyadi, ore is believed to have been deposited from an igneous
solution with a sulphur isotopic equilibrium temperature of 200°C and an
estimated 034Stotal of +3 to +5%0. The estimated pH is 5; log
[S2' -12 to -14; and log !02' -39.5.
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Table 8.50 Summary of 334Svalues for ore deposits of India

Deposit Mineral 334S (0/00) 334STotal ('1'00)Reference

Andhra Pradesh
Mangampeta ba +41.8 to +45.5 - Karunakaran

py -1.1 to +2.5 (1976)
bedded py +18.7

Rajasthan
Rajpura-Dariba gn -0.1 to 2.6 Deb and

Kumar
(1982)

Kolihan and - +10 to +23 Sofonov et at.
Madhan Kudhan (1980)
copper deposit

Karnataka
Ingaldhal cp -2.1 to +8.3 *

po +5.4 to +10.1
sp +7.7 to +8.9 10
gn +11.1 to + 11.7

cp -0.4 to +0.1 Seccombe et at.
gn -0.9 (1981)
sp -0.2
py +0.4

cp -1.5 to +1.5 0 Sofonov et at.
(1980)

Kalyadi py +2.4 to +6.7 3 *

cp +1.5 to +5.0 to
po +5.4 5

py-cp -1.7 to -4.9 Sofonov et al.
(1980)

Thinthini cp +0.8 to +3.5 3 *

py +5.4

Hutti asp +0.9 to +1.6 0 *

po +0.8 to +2.2
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For Thinthini, the 834S values of the minerals plot in the SOl- stable
region of the Isz -Ioz diagram. The estimated pH is 5; log Isz, -11; and
log loz, - 33, and temperatures above 200°C.

At Hutti, the 534Stotalis estimated to be very near 0%0,suggesting a mantle
source for the sulphur. The estimated log Isz is -13.6; log loz, -31; and
log leoz, +2.

Table 8.50 also summarizes 534Stotaldata for sulphide minerals in other
deposits in India.

8.10.4 Trace elements in the evaluation of &34Stotal

The estimated parameters of Table 8.49 may be further confirmed from the
trace element analyses. The basis for this approach is the considerable
variation in the trace element concentrations that has been observed in

different samples of the same mineral in a given deposit. For example, the
concentration of Pb in pyrite varies between 44 and 2643 ppm as compared
to between 67 and 1384 ppm in chalcopyrite. Other trace elements, Co, Ni,
Zn, As, and Bi, in the sulphide matrices also show similar variations (Table
8.51). Whereas it is recognized that trace element incorporation in sulphide
matrices is governed by the lattice structure, there should also be chemical
influences on their incorporation in the precipitating mineral phase. On the
bases of concentrations and thermodynamic data (Barnes, 1979) for trace
element complexes in solution, we undertook a theoretical study of this
behaviour in terms of solution chemical parameters. We assumed that the
trace element content in a mineral phase is not so much a function of its
concentration in solution but the 'willingness' of the solution to release it
into the precipitating mineral.

Dpb, the distribution coefficient for lead, is defined as the ratio of the
concentration of lead in the solid (mineral) phase and the liquid
(mineralization solution) phase, i.e.

Table 8.51 Concentration of some trace elements in pyrites and cha1copyrites of
Kalyadi

Concentration ppm

Sample
Mineral (number) Pb Co Ni Zn As Bi

py Kl-p 44 4334 385 309 4 7
K2-p 2643 521 744 - 76 228
K8-p 103 3730 304 815 66 52

cp K2-c 245 40 133 624 13 15
K4-c 1384 95 173 1282 391 8
K8-c 67 55 65 561 20 12
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Dpb = mpb(S)/mpb (6)

Further, assume, for simplicity, that the trace element is incorporated as a
solid solution in the host matrix. Then

Dpb = mpb (S)/"iimi

where mi corresponds to the concentration of various complex ions of lead
in the solution. These include, in our present calculations, PbCI+, PbCho,
PbCl3- , PbCI/- , Pb(HSh - , Pb(HShO, PbS(H2Sh- The relevant equilibrium
reactions when combined with the equilibria of various sulphide species in
solution result in an expression of Dpb as

Dpb = !(fsz,foz, pH, T, KiomCl-)

where !sz and !oz are the fugacities of sulphur and oxygen respectively, Tis
the temperature, K are the equilibrium constants for the complex ion
equilibria, and mCl- is the Cl- concentration in the mineralizing solution.

The result of one such calculation is shown in Figure 8.42, with the shaded
area indicating solution conditions prevailing at the time of mineral
precipitation at Kalyadi.

8.10.5 Conclusions

The complementary approach of sulphur isotope data and trace element
concentration provides an effective cross-check on the physicochemical
solution parameters prevailing at the time of sulphide mineralization. This
approach is not only useful for computation of o34Stotalbut initial metal
concentrations in the ore-forming solution may also be estimated.

This information, in turn, should prove useful for isotope mass balance
calculations for emissions to the atmosphere as these deposits are commer-
cially developed.

8.11 POTENTIAL RESEARCH AREAS FOR SULPHUR ISOTOPE
GEOCHEMISTRY IN NIGERIA*

8.11.1 Introduction

The application of isotope analyses to the solution of environmental problems
in Nigeria is in a rudimentary stage. Anthropogenic sulphur is abundant.

* B.C.E. Egboka, M.M. Irogbenachi, and C.A. Eligwe.
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Figure 8.42 Distribution coeffJ.cient Dpb of lead plotted on the fs - fo diagram for
MTs = 0.01 M, T = 250°C, for the sulphide deposit at Kalya& (hatched area)

Research difficulties include low funding, lack of equipment, insufficient
library facilities, and lack of international communication. Despite these
problems, isotope geochemical research has an excellent future. Even though
there are numerous geologic occurrences of S, there is little information on
their isotopic compositions. This means that a realistic estimate for flux of
sulphur in the Nigerian environment is not feasible at the present time.
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Research in this area must be encouraged and supported in order to make
sulphur isotope data available to fit into models of the global sulphur budget.

It must be emphasized that the United Nation's agencies and many
international organizations have been playing positive roles in encouraging
both regional and local research activities. The developing nations badly
need such moral and financial encouragement to carryon research. Nigeria
has a fairly large number of trained professionals in the Earth Sciences.
Many of these indigenous experts have international training and research
experience. They are suited to the task since they know the environment
best and their devotion and patriotism would be significant driving factors.

Nigeria has many geographic and geological features (Reyment, 1965;
Figure 8.43). There are extensive coastal regions and geographical and
geological similarities to parts of South America. Unique tropical and
environments similar to the Sub-Sahel region extend far beyond her borders.
It will be exciting to know whether environmental research carried out in
other parts of the world can complement programmes in Nigeria.

8.11.2 Research areas in Nigeria

Isotope geochemical research has yet to take off fully in Nigeria despite the
fact that potential research areas abound. Figure 8.43 illustrates the extent
to which the geology is krtown. Some isolated studies using 180, 2H, 3H,
14C, and BC have been conducted (United Nations Development Project,
1972; Oteze, 1981; Egboka, 1981a, 1981b). So far, there are no known
records of where sulphur isotopes have been used.

8.11.3 Stable sulphur isotopes in basic geochemical research

8.11.3.1 Basement complex rocks

Igneous and metamorphic rocks, 80% of which are Precambrian, cover
about one-half of the landmass of Nigeria (Reyment, 1965). These rocks
are highly fractured to form joints and faults. They have been subjected to
intense weathering. The created sediments and soils are used for agricultural
practices. The unconsolidated sediments are often water-bearing units or
unconfined and confined aquifers that are tapped for domestic water supply
and agriculture.

Stable isotope analyses with emphasis on sulphur impoverishment,
weathering processes, and soil pedogenesis would be particularly beneficial.
The study of the hydrogeochemistry and biogeochemistry of many local
ecosystems will be difficult without isotopic measurements.
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8.11. 3.2 Lead-zinc mineralization and salt deposits

As outlined by Kogbe and Obialo (1975), there are extensive deposits of
lead and zinc sulphides in the Cretaceous sediments. Base metal deposits
of economic value occur in the Abakaliki and Ogoja areas. Lead and zinc
are mined in the towns of Enyigba, Ameri, and Ameka in the Abakaliki
area. Potentially, sulphur isotope studies can (a) delineate the paragenesis
of ores in these deposits and (b) trace the fate of SOz released during the
smelting of these ores in the environment.

Evaporite deposits occur in parts of Southeastern Nigeria within the
Albian and Turonian marine (and continental) sedimentary formation of the
Benue Trough (Uzuakpunwa, 1981). Their presence is marked by isolated
salt ponds where salt-bearing horizons are faulted and contact predominantly
shale formations. The evaporite zone which stretches from Abakaliki in
Anambra State north-eastwards, to the Zurak area in Gongola State, is
adjacent and nearly subparallel to Pb--Zn occurrences in eastern Nigeria.
Early researchers have therefore considered the Pb--Zn mineralization and
evaporite formation to be genetically related (Offodile, 1976; Orajaka,
1972). Isotopic data would bear directly on this interpretation.

Sulphur occurs in most parts of Nigeria. Minor sulphide deposits occur
in metagabbroic rocks exposed in the Egbe area of Western Nigeria (Bafor,
1981). The ore mineral consists of pyrrhotite, ilmenite, pentlandite,
chalcopyrite, and pyrite. This Sudbury-type association, occurring also in
similar host rocks, is being reported for the first time from the Nigerian
basement complex. The paragenesis of these minerals can be evaluated using
isotopic techniques.

8.11.3.3 Agulu-Nanka gully complex sulphur deposits

The Agulu-Nanka gully complex began as an erosion feature around 1850.
Over a time span of 135 years, the gully has expanded to an area of about
1100 kmz, greatly destroying ancestral homes and agricultural lands. The
influence of geology and geotechnical factors (Egboka and Nwankwor, 1982)
and iron and sulphur geochemistry have been described for this expansion.

Gypsum and pyrite are found on the walls of the gully. At the bottom of
the gully, seepage ground water flows as small streams, and a strong smell
of hydrogen sulphide exists. Deposits of amorphous sulphur and pyrite are
observed in the shale/mudstone layers. Isotopic studies should provide
clearer explanations of the biogeochemistry of these deposits.

8.11.4 Fossil fuel deposits

Sulphur and its compounds are found in coal and lignite, petroleum and
natural gas, oil shales and tar sands, all of which occur extensively in Nigeria.



414 Stable Isotopes

8.11.4.1 Coal and mine drainage

Sulphur in coal is an undesirable impurity because it affects the metallurgical
usage of coal and is a major source of pollutant sulphur in the environment.
The main sulphur compound in Nigerian seams is pyrite. Minor amounts of
chalcopyrite (CuFeSz), pyrrhotite (FeS1.l)' chalcocite (CuzS), cubanite
(CuFeS3)' sphalerite (ZnS), and galena (PbS) are known to be present.

Nigeria has extensive deposits of coal and lignites (Simpson, 1954). The
major coal deposits include the Tertiary hard brown coals of Afuze in the
Niger Delta. It is lignitic, has high volatile content, is non-coking, and
contains 1.5% sulphur. The Maestrichtian subbituminous to high volatile
coals of Enugu in Anambra State and Okaba in Benue State are also non-
coking and have S contents just less than 1%. The medium to high volatile
coals of the Obi deposit in the Middle Benue Valley have proved to be
moderately coking and contain 2-4% sulphur (Bello and Okeudo, 1981).
The characteristics of some Nigerian coals are shown in Table 8.52.

The exploitation of coals has resulted in severe acid mine drainage
problems. About 1.36 x 104 m3 of acidic water is continuously pumped out
of the Onyeama Mine into the Ekulu River daily. The hydrogeochemical
parameters of the mine waters are given in Table 8.53. The mine water has
a pH of 3.70 and a total iron content of 5.6 mg £-1. Water from the nearby
Iva Mine has a pH of 2.55, total iron content of 56.0 mg £-1, and sulphate
concentration of 428 mg £-1. The source(s) of the ground water is still
conjectural. It either originates from the overlying Ajali sandstone aquifers
or the fractured zone and sandstone members of the Mamu formation
aquifers. Stable and radioactive isotope studies of the waters of the two

Table 8.52 Composition of Nigerian coals (%)

FORMA nON MAMU

Orkupa Ezimo
Deposit Achimodo River Lyinzu Stream Ogbakili Nsukka

Moisture 14 to 18 10 to 14 3 to 7 6 to 8
Volatiles 34 to 36 40 to 42 25 to 40 29 to 36
Ash 6 to 8 6 to 12 6 to 42 7 to 29
Fixed C* 40 to 42 38 to 41 25 to 48 32 to 50
Sulphur 0.5 0.7 to 1.0 0.6 to 1.4 1.1 to 5.9
Nitrogen ** 1.4 to 2.0 1.8 to 1.9 1.2 to 1.7
Oxygen 14 to 15 13 to 15 9 to 18

.Proximate analyses, air dried

.* Ultimate analyses, ash-free, dry



formations should solve the groundwater source problem. Similar problems
also exist in the other hydrogeological provinces.

Sulphur isotope geochemical studies of the coal and the acid mine drainage
problems would provide answers to the following problems:

(a) The origin of the various forms of sulphur in the Nigerian coals
(b) The source(s) of the sulphate acidity in the Enugu coal mine aquifers
(c) The variability of sulphur isotopes in coal of one lithologic unit, of

different lithologies but of the same age, and of different lithologies of
different ages

(d) The behaviour and fate of pollutant SOz released by these coals and
lignite when they are combusted

(e) The source materials, origin, and genesis and maturation of the coal
deposits

8.11. 4.2 Petroleum and natural gas

Nigeria has major deposits of petroleum and natural gas, the more
economically oil-producing strata occurring in the Miocene. However, oil
and gas seepages have been reported in older deposits such as the Owelli
sandstone of Maestrichtian age. The Nigerian oil is light crude with a low
sulphur content. Gas is currently wasted by flaring, but plans for its utilization
are under discussion.

Petroleum and natural gas production is a major source of environmental
pollution. Oil spills on land, rivers, lakes, streams, marshes, and vegetation
by the oil companies are a common feature. Studies in other parts of the
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Table 8.53 Hydrogeochemistry of Enugu coal mine groundwaters

Location Onyeama mine Ribadu mine Iva Valley mine

Odour Odourless Odourless Odourless
Appearance (Hazen units) 5 15 5
pH 3.70 4.05 2.55
Dissolved Oz (mg 1-1) 6 4 4
K+ (mg 1-1) 1.38 3.00 9.88
Na+ (mg 1-1) 6.38 8.20 3.50
0- (mg 1-1) 4.0 10.2 20.0
SOi- (mg 1-1) - 428
Total hardness
(mg I-I) CaC03) 30 12 80
Total Fe (mg 1-1) 5.6 6.7 56.0
SiOz (mg 1-1) 20 25 60
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world suggest that the isotopic composition of the sulphur can be used to
tag the oil and subsequently follow its dispersal in the environment.

Sulphur and other stable isotope studies can potentially provide information
on the following:

(a) Differentiation of reservoirs of different ages and formations
(b) Trace oil maturation and migration from source rock to reservoir rock
(c) Other environmental impacts of pollution caused by the production of

crude oil and natural gas

8.11.4.3 Oil shales and tar sands

Large-scale deposits of oil shale and tar sands have been discovered in areas
of Western Nigeria. The areal extent, oil reserve, and geochemistry are
being established. Isotopic studies can assist in ascertaining their origin and
the potential environmental impacts of their utilization.

8.11.5 Emission of snlphur

In Nigeria, anthropogenic sources of sulphur include the use and burning
of coal, the iron and steel industry as found in Ajaokuta and Aladja, oil
refineries at Warri, Port Harcourt, and Kaduna, gas flaring at Bonny, Warri,
and Port Harcourt areas, and fertilizer applications. No attempt has thus
far been made to apply sulphur isotope techniques in studying these various
aspects of sulphur pollution in Nigeria.

8.11.6 ()ther research areas

In addition to identifiable natural and anthropogenic sources of S compounds
in Nigeria, there are other research areas where isotopic studies should
prove useful. These include:

(a) The interplay of the Saharan and Atlantic air masses (Garnier, 1967)
(b) The release of hydrogen sulphide and dimethyl sulphide from tropical

coastal waters, lakes, and wetlands
(c) The release and uptake of sulphur by tropical vegetation
(d) The dynamics of sulphur in the Savannah grasslands
(e) Acidity of tropical rains and their impacts on tropical flora and fauna
(f) Long-range transport of sulphur into and out of the country

Numerous other areas of research can be cited but the list is adequate to
emphasize the potential of stable isotope techniques in the study of
biogeochemical phenomena in unique tropical ecosystems.
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A. The 834Sdistributions for sulphate in Broughton River* and bore waters, Spencer
Gulf

Location 834SS0/- 8180H20 8D Na+/CI- CI-/SO/- SO/-
(%0) (%0) (%0) (meq) (meq) (meq £-1)

Mambray +20.1 -4.4 -34.3 0.83 6.8 1
Creek +19.0 -6.2 -31.3 1.03 4.4 6

+16.9 -5.5 -37.7 2.85 2.7 2
+ 16.4 -5.9 -39.0 2.29 2.6 2
+19.0 0.87 5

Baroota +19.1 1.97 12.0 3
+19.7 0.61 5.2 1
+18.2 0.68 4.3 2
+17.8 0.87 6.8 2

Port Pirie +20.8 -5.2 -32.0 0.82 9.6 4
+18.2 0.84 7.1 5
+15.5 -4.3 -29.2 0.75 10.1 10

*Wood Point +15.6 0.89 4.2 5
+9.0 0.76 13.0 1

+11.5 0.71 10.7 1
+10.7 -3.6 -25.0 0.93 4.4 8
+14.0 -3.6 -26.0 0.82 5.4 25
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B. The 834Sdistributions for sulphate in peritidal ground waters, Spencer Gulf

834S 81XO 8D Na+/Cl- Cl-/SO/- SO/-
Location (%0) (%0) (0/00) (meq) (meq) (meq f-)

Red Cliff +18.6 0.93 8.3 127
Point +20.7 -4.2 -31.7 0.98 6.7 718

+19.3 -4.4 -37.4 1.03 8.5 45
+19.5 -2.9 -18.2 0.95 6.8 110
+18.7 -4.4 -20.7 0.94 7.9 35

Mambray +18.1 0.84 8.6 79
Creek +18.3 0.79 17.4 173

+ 16.4 0.75 23.5 153
+18.1 0.84 11.7 178
+20.5 +4.7 +12.0 0.83 9.8 319
+19.9 0.85 11.6 237
+20.5 +5.5 +15.6 0.84 10.6 80
+20.6 0.86 9.7 95

Wood Point +16.0 0.78 8.5 242
+16.1 0.80 8.2 240
+19.1 0.83 14.7 204
+15.0 0.82 8.9 236
+15.0 0.78 10.7 335
+13.5 0.75 10.7 349
+13.5 0.77 10.7 275
+13.5 0.78 10.9 336
+16.8 0.83 14.8 224
+20.6 0.84 10.7 373
+20.0 +3.12 +2.3 0.84 9.7 377

Fisherman +15.9 0.81 7.6 56
Bay +15.9 -17.5 0.83 7.8 82

+15.0 -0.11 1.04 9.2 386
+15.5 0.82 9.1 226
+15.3 0.81 9.2 67
+15.7 -2.5 -20.4 0.79 9.7 140
+19.6 0.85 13.0 266
+17.7 0.84 15.8 63
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C. The o34Sdistributions for sulphate in peritidal ground waters, Shark Bay

SO/-
034SS0/ Ol80H20 oD Na+/CI- CI-/SO/- (meq £-1)

Location (%0) (%0) (%0) (meq) (meq)

Solar Ponds +21.8 +7.4 +24 0.92 10.8 252
+22.0 0.87 9.6 223
+21.6 +8.1 +27 0.87 11.2 247
+20.8 +0.7 -17 0.91 11.2 101
+21.4 +3.3 +7 0.89 9.5 136
+21.4 +3.2 +11 0.98 8.8 109

Nilemah +18.5 -1.1 -24 0.87 11.7 46
Embayment +20.3 +0.4 -4 0.85 10.9 62

+20.5 +0.8 -5 0.87 9.8 71
+20.0 +0.9 -8 0.88 9.8 79
+18.9 0.97 10.4 116
+18.9 +2.2 -11 0.95 12.1 144
+20.5 +4.0 -6 0.91 13.5 154
+19.9 +3.8 0 0.92 13.7 163
+20.0 +4.1 -4 0.88 13.9 243
+20.9 +2.9 -3 0.87 13.1 272

Playford
Transect +23.4 +3.2 -1 0.95 9.3 98

Flagpole +17.9 -1.5 -23 0.98 10.0 67
Landing +13.6 -4.8 -44 1.15 5.6 14
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