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CHAPTER 1

Evolution of the Sulphur Cycle
Precambrian

in the

M. SCHIDLOWSKI

1.1 INTRODUCTION

The geochemical cycle of sulphur is one of those elemental cycles that
appear to be basically controlled by life processes, as has been been
confirmed by numerous investigators (for overviews see Goldhaber and
Kaplan, 1974; Claypool et al., 1980; Trudinger, 1979; Migdisov et al., 1983;
Berner, 1984). There is little doubt that this has been so over most of the
Earth's history (Schidlowski, 1979, 1983a). As such, the sulphur cycle
constitutes one of the most striking examples of the impact the biosphere
has exerted on the chemistry of the Earth's crust. Continuous biological
processing of sulphur in the exogenic reservoir is ultimately responsible for
dividing its flux from the surface environment to the rock section of the
cycle between an organic and an inorganic sink. As a result of such splitting,
the sedimentary sulphur reservoir is typically bipartite, consisting of partial
repositories of biogenic sulphide and inorganically precipitated sulphate
(Figure 1.1).

As one of the key elements of life that accounts for some 0.5 to 1.5%
(dry weight) of biological matter, sulphur is cycled through the biosphere
in many ways, notably during synthesis and decomposition of proteins.
However, the largest turnover rates in the biological sulphur cycle are not
achieved in the synthesis of sulphur-containing cell constituents (by
assimilatory reduction of inorganic sulphate), but in an energy-releasing
dissimilatory process that couples the reduction of sulphate with the oxidation
of organic substrates, i.e.

2CH2O + SO~- ~ 2HC03 + H2S (1)

With SO~- rather than free oxygen serving here as an electron acceptor,
this process of dissimilatory sulphate reduction may be regarded as a form
of anaerobic respiration (sulphate respiration). This process is utilized
by several genera of strictly anaerobic sulphate-reducing bacteria (viz.
Desulfovibrio, Desulfomonas, Desulfotomaculum). They are particularly
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Figure 1.1 Box model of the global sulphur cycle showing partitioning of mantle
(M)-derived sulphur between sulphide and sulphate [in sum, the reservoir triplet
stores a total of 7.9 x 1021g S (Migdisov et al., 1983)].The kinetic isotope effect
(KIE) inherent in bacterial sulphate reductionhas been propagated from the exogenic
exchange reservoir (hydrosphere, atmosphere) into the rock section of the cycle.
This effect entails an average fractionation of 30-35%0and is ultimately responsible
for the isotopic disproportionation of terrestrial sulphur into a 'light' reduced and a
'heavy' oxidized phase (while bacteriogenic sulphide preferentially concentrates the
light isotope (32S), the non-biogenic phase (sulphate) displays a relative enrichment
in heavy sulphur (34S». Note that sulphate evaporites stored in the sedimentary
shell preserve the isotopic composition of their dissolved marine precursor with a
minor shift of about +1%0. Empirically recorded fractionations between sulphide
and sulphate from sedimentary rocks are often smaller than the range of ~ 35%0
chosen for this model; accordingly, some authors (Holser and Kaplan, 1966; Migdisov

et al., 1983) prefer means between -12 and -9%0 for sedimentary sulphide

active in the anoxic regions just below the sediment-water interface,
especially in near-coastal marine environments. The activities of these
bacterial sulphate reducers are of paramount geological importance as a
means of bringing about an important and uniquely biological low-
temperature reduction of marine sulphate with a concomitant release of
HzS. Substantial portions of the HzS generated in this process react with
detrital iron minerals and thus end up as iron sulphide:

2FeOOH + 6CHzO + 3S0~- ~ 6HC03 + FeS + FeSz + 4HzO (2)
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This sulphide is incorporated in newly formed sediments (preferentially in
the form of pyrite) and consequently relegated to the rock section of the
sulphur cycle.

Because sulphate can only be reduced by biological processes at
environmental temperatures, the persistence of large quantities of reduced
sulphur on the Earth's surface and finally the entire 'exogenous' sulphur
cycle, depend on the activity of sulphate-reducing organisms. Annually they
supply some 1013to 1014g sulphur to the reservoir of sedimentary sulphide
(Berner, 1982; Ivanov, 1983) where it is apt to reside with a half-life of
about 0.6 Ga. A still larger quantity of reduced sulphur compounds may
escape to the surface waters and the atmosphere where they undergo rapid
reoxidation in these oxygenated environments. The total turnover of sulphur
in dissimilatory sulphate reduction is certainly much higher than in the
assimilatory process that cycles sulphur through the Earth's standing biomass
at a rate of ~ 10]4g S per year. Moreover, as the sulphur content of the
Earth's biomass (and notably of its protein fraction) is caught up in the
rapid cycles of production and mineralization, sulphur is maintained at a
steady state concentration of about one percent of the standing biomass,
but does not feed major geochemical reservoirs. In contrast, the energy-
yielding dissimilatory process has an impressive reservoir-generating capacity
as is testified by the huge reservoir of sedimentary sulphide (Figure 1.1).

1.2 OUTLINES OF THE GLOBAL SULPHUR CYCLE

Figure 1.1 gives a simplified approach to the sulphur cycle. All the sulphur
originally discharged from the Earth's mantle in the form of volatile
compounds (mainly as SOz and HzS) has now been condensed as sulphate
and metal sulphides, namely (i) as dissolved sulphate in the ocean, (ii) as
gypsum, anhydrite, etc., in evaporate beds and (iii) as pyrite in the
sedimentary column. These three reservoirs account for 7.9 x lOz1g(S)
(Migdisov et al., 1983) and therefore exceed by many orders of magnitude
the sulphur content of the other rese~voirs (standing biomass: ~ 1016 g(S);
atmospheric sulphate aerosol ~ 101zg(S); atmospheric SOz: ~ 1011 g(S);
atmospheric HzS: ~ 1011g(S). With the exception of evaporite deposition,
all the transfers from one reservoir to another are (at least partly) mediated
by life processes.

A typical reaction of HzS oxidation to SO~- in the course of the
photosynthetic production of cell material follows the scheme:

hv
HzS + 2COz + 2HzO ~ 2CHzO + 2H+ +SO~- (3)

Others are compiled in Chapter 2.
While the evaporite minerals, gypsum and anhydrite, are only slightly

enriched in 34S(=1.3%0) with respect to the dissolved sulphate (Thode and
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Monster, 1965), the bacteriogenic sulphides commonly display a distinct
shift of 8345 values towards negative readings compared with the parent
sulphate source, the balance of heavy sulphur (345) accumulating in the
residual seawater sulphate. The isotope effect (Figure 1.1) thus imposed on
the flux of biogenic sulphide out of the surficial compartment is also
responsible for the positive 8345values of seawater sulphate. Marine sulphate
is rather uniform in its isotopic composition (8345 values between + 20 and
+21%0) in contemporary seawater (Rees et al., 1978) while the 8345 values
of bacteriogenic sulphide in marine sediments cover an extremely wide
range. The variations in the marine 8345 through geological history are
discussed in more detail in Chapter 2. A reproduction of this 'age curve of
marine sulphate' through the past 1.3 Ga is shown in Figure 1.2

During the Precambrian there is hardly any Ca504 left in the record and
sulphur in the oldest 'evaporites' is represented solely by barites which are
assumed to have replaced the original sulphate minerals. The record of 8345
values of bacteriogenic sulphides inserted in Figure 1.2 goes further back in
time but the information conveyed by these values is decidedly less specific
due to the intrinsic scatter of bacteriogenic fractionation patterns (see, inter
alia, Goldhaber and Kaplan, 1974; 5chidlowski et al., 1983).

The cycle model shown in Figure 1.1 also considers the input of endogenic
sulphur from volcanoes and from along thermally active portions of newly
generated oceanic crust.

In the modern cycle where the influence of biogenic processes dominates,
the contribution of these sources to the cycle is not discernible, but in the
earliest period of the Earth's history, seawater chemistry and its isotopic
record must have been largely mantle-dominated (Veizer et ai., 1982). We

Figure 1.2 Isotope age functions of sedimentary sulphide and sulphate with special
reference to the Precambrian record (from Schidlowski, 1983a, with minor additions; for
references see also this paper). (1) Banded iron-formation from Isua, West Greenland.
(2) Onverwacht Group, South Africa. (3) Warrawoona Group of Pilbara Block, Western
Australia. (4) Fig Tree Group, South Africa. (5) Iengra Series of Aidan Shield, Siberia.
(6) Banded iron-formation from Rhodesian schist belts, Zimbabwe. (7) Black shales from
Yilgarn Block, Western Australia. (8) Deer Lake Greenstone Belt, Minnesota, USA. (9)
Birch-Uchi Greenstone Belt, Canadian Shield. (10) Fortescue Group of Hamersley Basin,
Australia. (11) and (12)Michipicoten and Woman River banded iron-formations, Canadian
Shield. (13) Steep Rock Lake Series, Canadian Shield. (14) Ventersdorp Supergroup,
South Africa. (15) Cahill Formation of Pine Creek geosyncline, Australia. (16) Frood
Series of Sudbury District, Canadian Shield. (17) Black shales from Outokumpu, Finland.
(18) Onwatin Slate of Sudbury Basin, Canadian Shield. (19) Sediments of McArthur
Basin, Australia. (20) Adirondack sedimentary sulphides, Canadian Shield. (21)Nonesuch
Shale, Canadian Shield. (22) Permian Kupferschiefer, central Europe. CDT = Canyon
Diablo troilite furnishes the isotope ratio 325(345= 22.22 that defines the zero permil point

on the 8345 scale ('CDT standard'); BIF = banded iron formation
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shall comeback to this in Section1.6, and a more detailedtreatmentof
this endogenic branch of the sulphur cyclewill be given in Chapter 4 of this
volume.

1.3 EVOLUTION OF THE SULPHUR CYCLE

Key biological processes in the global sulphur cycle are primarily (i) the
oxidation of primordial (and recycled) sulphur compounds of lower oxidation
states in the exogenic exchange reservoir (hydrosphere, atmosphere), and
(ii) tHe dissimilatory reduction of oxidized sulphur (notably sulphate) by
microbial sulphate reducers. If it were possible to find an indication of the
onset of these processes in the geological record, this might provide us with
important data on biological evolution.

The classical chemical methods fail to distinguish between a biologically
mediated and an inorganic pedigree of the products of the principal sulphur-
transforming processes. Geological and palaeontological observations may
be helpful, but finally the distinction can only be achieved by decoding the
isotopic signature notably of the sulphide minerals preserved in the record.
This method utilizes the sizable isotope fractionation effects of bacterial
processes. Hence, the isotopic approach plays a crucial role and provides
the most promising tool for elucidating the history of the sulphur cycle.
However, this approach must be used cautiously because inorganic processes
in hydrothermal environments may result in quite large fractionation effects.
For the basic principles of these processes see Ohmoto (1972) and Ohmoto
and Rye (1979).

1.4 ORIGIN OF THE OCEANIC SULPHATE RESERVOIR

There is little doubt that the sulphate burden of the contemporary ocean
(equivalent to 1.3 x 1021g(S» owes its origin to the oxidation of reduced
sulphur compounds in the present weathering cycle which has probably been
so over the last 2 Ga of geological history. Being particularly prone to
preferential recycling, marine sulphate evaporites largely fade from the
record prior to - 1. 3Ga ago, but rare older occurrences(Perry et al., 1971;
Vinogradov et al., 1976; Heinrichs and Reimer, 1977; Lambert et al., 1978;
Cameron, 1983) as well as ample indirect evidence (Button, 1976; Crick
and Muir, 1980; Lowe and Knauth, 1977; Barley et al., 1979; and others)
indicate that sulphate had been continuously present in the world oceans as
from at least 3.5 Ga ago.

The sulphate in Archaean seas could have been readily produced by
sulphur-oxidizing microbiota and does not necessarily imply contemporaneous
atmospheric oxygen and oxidation weathering as some claim (e.g. Vinogradov
et al., 1976). Microbial oxidation of reduced sulphur is linked to the electron
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supply for either photosynthetic or chemosynthetic activity by selected group
of prokaryotes (Broda, 1975; Triiper, 1982). With bacterial (anoxygenic)
photosynthesis requiring electron donors other than water, sulphur com-
pounds at oxidation states lower than sulphate (H2S, So, S20~-) constitute
convenient sources of reducing power for sulphur-oxidizing bacteria like the
Chlorobiaceae and Chromatiaceae that have biosynthetic pathways such as

hv
2H2S + CO2 ~ CH20 + H2O + 2S (4)

(5)
hv

2S + 3C02 + 5H2O ~ 3CH2O + 4H+ + 2S0~-
and

hv
2Na2S203 + 4C02 + 6H2O ~ 4CH2O + 4Na+ + 4H+ + 4S0~- (6)

It is widely assumed that anoxygenic bacterial photosynthesis preceded
the evolution of the oxygen-releasing variant of the photosynthetic process
which latter had to overcome the formidable energy barrier posed by the
'H-O bonds of the water molecule by grafting an additional photo system on
the primary pathway. Accordingly, it is reasonable conjecture that the first
photosynthetic oxidation equivalents released to the ancient environment
were, in fact, elemental sulphur and oxidized sulphur compounds rather
than molecular oxygen, with sulphate as a mild oxidant most probably
accumulating in the Precambrian seas long before the buildup of appreciable
oxygen levels in the atmosphere (Broda, 1975). Both direct (sedimentary
barite, ct. Figure 1.2) and indirect evidence (pseudomorphs after primary
gypsum and anhydrite) pertaining to the presence of sulphate evaporites in
Archaean sediments are, therefore, consistent with the onset of a biologically
mediated sulphur oxidation in the surficial exchange reservoir and the
buildup of an oceanic sulphate burden as from at least 3.5 Ga ago (Lambert
et ai., 1978; Thorpe, 1979). Problems arising for this interpretation from an
assumed near-saturation of the Archaean oceans with bivalent iron will be
dealt with below.

Prior to the start of biological S-oxidation, the primordial sulphur
compounds (H2S, SOz) degassed from the Earth's interior were apt to
undergo a series of inorganic transformations, with sulphur dioxide dissolving
as the sulphite ion (SO~-) and the bulk of H2S most probably reacting with
dissolved metal ions (notably ferrous iron) in the oceans. As sulphite is
known to undergo spontaneous disproportionation (Hayon et ai., 1972), it
is likely that some sulphate might have formed inorganically. An efficient
way of raising the general oxidation state of exogenic sulphur in a
prebiological world is photochemical oxidation with OH radical as oxidizing
agent furnished by photo dissociation of water vapour (Walker and Brimble-
combe, 1985), e.g.

hv
H2O ~ R + OR (7)
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However, the extent of the inorganic oxidation process would have been
constrained by the photochemical OH source, some 1011g a-I (Walker,
1978), with probably little variation over the Earth's history. A definitive
assessment of the impact of such a flux of OH radicals on the prebiological
sulphur cycle has still to await the refinement of several geochemical
background parameters and is, therefore, premature at this stage (notably,
its implications for the buildup of the oldest oceanic sulphate reservoir).
Since the rise of photosynthetic prokaryotes, inorganic sulphur oxidation
was likely to be completely outrun by the biologically mediated processes.

I.S ANTIQUITY OF DISSIMILATORY SULPHATE REDUCTION

A second crucial impact on the global sulphur cycle is exercised by bacterial
(dissimilatory) sulphate reduction. As emphasized by Peck (1974), a
combination of photosynthetic oxidation and dissimilatory reduction of
sulphur would give rise to a closed biological sulphur cycle powered by
radiant energy in which the dissimilatory process may be conceived as an
adaptive reversal of a primary photosynthetic pathway relying on H2S as
electron source. An abstracted version of these cyclic transformations could
be written as:

photosynthesis

H2S + 2HC03 '",. . .1 . '2CH2O + SO~-ISSlml atlOn (8)

Constituting a pivotal link in the global sulphur cycle, bacterial sulphate
reduction primarily causes (i) a large-scale low-temperature reduction of
oxidized sulphur at or near the Earth's surface that entails a sizable isotope
shift, and (ii) a concomitant sulphur flux into the sedimentary sulphide
reservoir. As such, the dissimilatory process is ultimately responsible for the
global partitioning and isotopic disproportionation of terrestrial sulphur
(Figure 1.1) between two major crustal reservoirs: sedimentary sulphide
with a marked preponderance of isotopically light sulphur (32S) and
sedimentary sulphate with a relative enrichment in the heavy species (34S).

The emergence of dissimilatory reduction of oxidized sulphur would have
been a prerequisite for an extension of biological control to the lithospheric
(crustal) section of the cycle and thus mark the onset of a fully fledged
'modern' sulphur cycle of the type depicted in Figure 1.1. This event and
the underlying biochemical process would be coupled with a discrete step
in prokaryotic evolution, namely, the rise of microbiota that made oxidized
sulphur compounds serve their specific bio~nergetic needs. Considering the
geological age of prokaryotes, and accepting that photometabolism of H2S
has preceded that of H2O (Broda, 1975; Triiper, 1982), this would a priori
argue for a considerable antiquity of dissimilatory sulphate reduction.
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Sulphate-reducing bacteria can be traced back in the record by their
characteristic isotopic patterns preserved by pyrites deposited within their
original sedimentary habitats. The prototype of a bacteriogenic sulphide
pattern is exemplified by the frequency distribution of 034S values of the
Permian Kupferschiefer (Figure 1.2), a fossil euxinic facies for which an
impressive database is available (Marowsky, 1969). Typical features of such
patterns are (i) a wholesale shift of 034Stowards negative values as compared
to the parent seawater sulphate, and (ii) a formidable scatter of the values,
with an extended tailing of the frequency diagram towards the isotopic
composition of the marine sulphate source (indicating that part of the
fractionation had been achieved in a Rayleigh process operating in semiclosed
compartments of the depositional basin).

Figure 1.2 compiles data which help us to trace back an 'index of
biogenicity' in the sulphur isotope record. In the ideal case, isotopic
inferences should be based on the analysis of coexisting (or at least coeval)
sedimentary sulphide and sulphate, but in the Precambrian record gypsum
and anhydrite are lacking due to their appreciable solubility. Sulphate
occurrences older than 1.3 Ga are in the form of the much less soluble
barite (BaS04); therefore an evaluation of the oldest record has to rely
mainly on the isotope patterns of sedimentary sulphides.

Unfortunately, isotope data of Precambrian sulphides are still limited in
number and scope which necessarily detracts from the confidence level of
the oldest record. Figure 1.2 shows virtually the complete database currently
available for t > 1 Ga, excluding only detrital and massive stratiform
sulphides as well as those with ostensible hydrothermal overprints. The 034S
patterns of the Proterozoic record clearly display a marked shift to the
negative side of the o-scale and distributional characteristics that suggest a
bacteriogenic origin. These indicators progressively fade as we proceed
beyond the Archaean-Proterozoic boundary. The oldest isotope patterns
still meeting the essential criteria of biogenicity are those shown by Nos. 8,
11 and 12 of Figure 1.2, all of which seem to be bracketed by
2.6 Ga < t < 2.8 Ga. The earlier record-and notably the oldest sedimentary
sulphides from the Isua metasedimentary series of West Greenland-
definitely lack biogenic features. If we were to rely on isotopic data as the
principal evidence, the time interval 2.6-2.8 Ga would, accordingly, define
the time of emergence of sulphate respirers.

A proper evaluation of the presumably oldest bacteriogenic isotope
patterns should also address the question whether the distributional
characteristics observed could have been obtained through inorganic
(magmatic and hydrothermal) processes capable of isotopically differentiating
a 'primitive' isotope mixture with an overall 034S value close to 0%0. In
principle, such differentiation may readily occur in high-temperature systems

when sulphur is partitioned among several S-bearing minerals as this is apt
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Figure 1.3 Equilibrium fractionation of sulphur isotopes between geochemically
important sulphur-bearing phases (x) and hydrogen sulphide as a function of
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sulphides are generally ~oderate while tl~ere is very strong fractionation between
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to bring equilibrium chemistry into play. However, equilibrium fractionations
among sulphide phases are relatively small (Figure 1.3) and would bring
about only minor isotope effects. The only way to markedly differentiate a
'primitive' sulphur broth by purely inorganic means would be by introducing
into such a system an oxidized phase which, by virtue of an inherent strength
of the S-O bond, would preferentially sequester heavy sulphur (34S) (note
the pronounced difference in &34Sbetween SO~- and various sulphide phases
in Figure 1.3). For instance, an increase in the relative proportion of sulphate
in a hydrothermal system with an overall &34S= 0%0 would displace the
&34Svalues of coexisting sulphides progressively towards negative readings,
ultimately mimicking a bacteriogenic distribution pattern (Figure 1.4).
However, as may be further inferred from Figure 1.4, the resulting &34S
values would be predominantly negative. It is difficult to produce isotopically
heavy sulphide from a source with &34S= 0%0in high-temperature systems.

Thus some of the late Archaean sulphide patterns can be best interpreted
in terms of bacterial reduction of an isotopically heavy pre-existing oxidized
sulphur phase (Figure 1.2). (Additionally, relevant field evidence largely
precludes a magmatogenic source of these sulphides.) Both direct and
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indirect evidence of sedimentary sulphate date back as far as 3.5 Ga, with
the barite prevailing in the oldest record often demonstrably deriving from
primary gypsum and anhydrite. This suggests that the sulphate content of
the Archaean seas was high enough for calcium sulphates to be precipitated
in suitable sedimentary environments and, by implication, indicates a
remarkable degree of conservatism of seawater chemistry through time.
Bacterial sulphate reduction is most probably responsiblefor some ~ 2.7 Ga
old isotope patterns (Nos. 8, 11, 12; Figure 1.2), which strongly resemble
bacteriogenic analogues from younger geological formations. This interpret-
ation is strengthened by new data for the Michipicoten iron-formation
(Thode and Goodwn, 1983) which brings out its bacteriogenicity more
strongly (see No. 11 in Figure 1.2).

All older sedimentary sulphide occurrences thus far investigated lack
unequivocal bacteriogenic features, i.e. they show relatively narrow isotope
spreads around 0%0and overall fractionations between - 3 and - 5 relative
to coeval sulphate (barite). With the buildup of a marine sulphate reservoir
at 3.5 Ga ago or earlier, the obvious time lag in the appearance of the first
isotope patterns attributable to bacterial sulphate reduction is puzzling.
Considering that prokaryotes had evolved very early on the ancient Earth,
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the question may be asked whether the earliest biogenic isotope patterns
could perhaps have been lost in the oldest rocks. If this is so then the first
appearance of biological isotope patterns in the record some 2.7 Ga ago
might merely indicate a minimum age for the emergence of bacterial sulphate
reducers. Two counter indications are: firstly the two key deposits, i.e.
Michipicoten and Woman River, are thought to have involved hydrothermal
activity (Cameron, 1982). Secondly, the apparent lack of isotopic variation
during the 500 million years following the Michipicoten-Woman River is
regarded by Skyring and Donnelly (1982) as a strong argument against the
'biogenic' interpretation.

In view of the weakness of the isotopic information in the early Archaean,
further attempts to trace the activity of bacterial sulphate reducers back in
time will have to explore other lines of evidence. A promising approach
might be a systematic survey of the organic carbon/sulphur ratios in pyrite-
bearing rocks, which apparently closely correlate with the control of sulphate
reduction by organic matter (Berner, 1984). Another independent check
could be based on the presence or lack of isotopic equilibrium among
different phases of sedimentary sulphide assemblages. If there is a
bacteriogenic pedigree of the parent HzS and ensuing low-temperature
sulphide formation, then partitioning of sulphur isotopes between different
sulphide minerals cannot have been thermodynamically controlled, and
fractions will vary from those in Figure 1.3

In view of the scantiness of the Precambrian sulphur isotope record,
Skyring and Donnelly (1982) have argued that bona fide bacteriogenic
patterns probably do not appear prior to about 2 Ga ago, dismissing the
biogenic features of several Archaean sulphide occurrences as being due to
microbial reduction of sulphite which is invoked by the authors as a possible
precursor process to sulphate reduction. While the assumption of an
evolutionary sequence SO~- reduction ~ SO~- -reduction rests on a sound
bioenergetic rationale, it cannot be correlated with specific features of the
older sulphur isotope record.

Moreover, the proposal by these authors that prokaryotic sulphur
metabolism had started with the dissimilatory process (initially utilizing
sulphite, later sulphate) and only afterwards had evolved in the direction of
photosynthetic sulphur oxidation is decidedly at variance with currently
accepted concepts for evolution of sulphur metabolism (see Triiper, 1982,
for an updated review). Moreover with a fully developed biological carbon
cycle in operation since 3.5 Ga, if ~ot 3.8 Ga, ago (Schidlowski, 1983b),
any early dissimilatory process had most probably relied on organic substrates
generated in a preceding step of autotrophic carbon fixation (which, for
energetic reasons, must have extensively utilized HzS as an electron source
in its less evolved stage). Though the widely assumed near-saturation of
large parts of the ancient ocean with ferrous iron may have imposed limits
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on the availability of H2S in Archaean times, certain steady state levels were
most probably sustained in selected compartments of the environment where
this compound would have lent itself to biological utilization. Energetic
considerations leave little doubt that photosynthetic utilization of H2S must
have preceded the evolution of the water-splitting process.

1.6 INTERACTION OF EARLY OCEANIC CRUST AND ARCHAEAN
SEAWATER: POSSIBLE EFFECTS ON THE ISOTOPE

GEOCHEMISTRY OF MARINE SULPHUR

As pointed out above, a conspicuous feature of the oldest isotope record is
the disappearance of bacteriogenic sulphide patterns beyond 2.8 Ga ago
(Figure 1.2). This has been taken as a tentative lower age limit for the
emergence of dissimilatory sulphate reduction (Monster et al., 1979;
Schidlowski, 1979). However, the existence of a marine sulphate reservoir
as early as 3.5 Ga ago is indisputable. This would imply that, in principle,
the stage had been set for the advent of sulphate respirers some 0.7 Ga
before the earliest documentation of their isotopic signatures in the record.
This time lag seems enigmatic as recent progress in the field of Precambrian
palaeobiology indicates impressive levels of prokaryotic differentiation almost
at the start of the sedimentary record (d. Schopf and co-workers, 1983).
Hence it is legitimate to ask whether the isotopic fingerprints of dissimilatory
sulphate reduction could have been obliterated in the oldest rocks
by processes that are as yet insufficiently understood. This cannot be
metamorphism since bacteriogenic isotope patterns have been repeatedly
shown not to undergo complete homogenization even in high-grade terranes
(Buddington et al., 1969; Ohmoto and Rye, 1979; and others).

As the disappearance of biogenic signatures from the record is roughly
correlated with the Archaean-Proterozoic boundary, this might point towards
possible peculiarities of Archaean seawater chemistry. With vast areas
of newly formed oceanic crust and a substantially higher heat-flow,
basalt-seawater interaction should have been at a maximum during Archaean
times (t> 2.5 Ga). As a result of correspondingly enhanced seawater
circulation through ocean floor hydrothermal systems, the chemistry of the
early ocean may have been largely mantle-dominated (Veizer et al., 1982).

Our understanding of the isotopic systematics of sulphur in basalt-seawater
systems is still limited (for promising approaches see, inter alia, Shanks et
al., 1981); accordingly, potential repercussions on the oldest isotope record
of intense mantle buffering in the Archaean oceans are as yet difficult to
assess. It seems, however, well established that inorganic reduction of
seawater sulphate in submarine hydrothermal systems proceeds rapidly at
temperatures> 250°C and is complete as long as the quantity of ferrous
iron available in the host rock stoichiometrically exceeds the influx of
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externalsulphate.Moreover, wherever sulphate and sulphide coexistas
dissolved species, isotopic equilibrium is likely to be attained for temperatures
> 250°C. Hence, isotopic re-equilibration of exogenic sulphur by these
processes on a global scale would establish a range of equilibrium
fractionations between H2S and SO~- with temperature as the principal
determinant (Figure 1.5). The isotopic composition of sulphide minerals
formed from mixtures of primary (magmatogenic) and ocean-derived sulphur
would, furthermore, strongly depend on the SO~- content of the interacting
seawater as well as the water/rock mass ratio of the specific reaction, i.e.
ultimately on the intensity of the flux of marine sulphate through the
hydrothermal system (Figure 1.6). Since anhydrite precipitation in the
thermal aureoles of such systems has been shown to drastically curb the
influx of SO~-, the sulphate content of the primary seawater may, however,
not be the most decisive parameter in these processes.

The quantitative impact of basalt-seawater interaction on the sulphur
isotope geochemistry of the present ocean is still under debate. Thus
assessment of the potential importance of mantle-buffering for the Archaean
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Figure 1.5 Equilibrium fractionation of sulphur isotopes between SO~- and H2S
over the temperature range relevant for basalt-seawater interactions from experimen-
tal and theoretical data (adapted from Shanks et al., 1981). If exogenic (marine)
sulphate were completely processed in submarine hydrothermal systems, the
temperature of the hydrothermal process would determine the isotopic difference

between sulphide and sulphate
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Figure 1.6 834Svalues of hydrogen sulphide generated by mixing a magmatogenic
sulphur source (834S==0%0)with increasing proportions of sulphate-derived marine
sulphur (834S = 20%0), assuming quantitative reduction of the sulphate (from
experimental and theoretical data). Note that the isotopic composition of the resulting
H2S 'hybrid' is constrained by the 834S of the two sulphur sources. After Shanks

et at. (1981)
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sulphur cycle is certainly premature. However, as the relevant processes
become clearer, their possible significance for the interpretation of the oldest
sulphur isotope record should be periodically re-examined.
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