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The oxygen state of the oceans of Proterozoic eon

A. V. Sankaran

The rise of oxygen in early earth’s at-
mosphere and oceans is a much-discus-
sed subject, and today opinion is much
divided on many of its aspects, particu-
larly about when this occurred. Based on
a variety of available geological records,
which have significant bearing on the
status of oxygen and carbon dioxide, like
the occurrence of banded iron formations
(BIFs), deposits of uraninite (UQ,), py-
rite (FeS,) and siderite (FeCO;), palaeo-
sols (ancient soils derived from rock
weathering), besides evidences from stu-
dies on isotopes of C, S, Mo and O (mass-
dependent and mass-independent frac-
tionations), two opposing views are much
discussed today'™. One of them claims
that prior to 2.3 billion years (b.y.) ago,
oxygen was low or absent in the atmos-
phere and rose rapidly between 2.25 and
2.05b.y. ago, while the second model
postulates that the atmospheric oxygen level
was essentially constant since 3.5 b.y.
ago™*. However, opinion does not seem
to be much divided that the oxygenation
of the oceans, through atmosphere—ocean
oxygen exchange, was less vigorous and
fluctuating till much later geological
times'?”.

According to a model proposed by
Canfield", the transition of the oxygen
chemistry of the oceans, from an anoxic
Archaean eon (3.8-2.5b.y.) to an oxic
one at about 0.54 b.y. ago (Palaecozoic)
was not abrupt, but went through a state
of intermediate oxygenation during the
long intervening Proterozoic eon (2.5—
0.54 b.y.). Commencing sometime after
1.8 b.y. ago, surface waters of the oceans
were oxic and bottom waters were anoxic
(sulphidic or euxenic), a state that is beli-
eved to have lasted for about a billion
years. Canfield developed his model based
on the geochemical behaviour of redox-
sensitive elements like U, Fe and S in the
oceans of Archaean and subsequent peri-
ods, notably from the occurrence of large
pyrite (FeS,) deposits. According to him,
these deposits were products of anaero-
bic bacterial reduction of the sulphates
dissolved in the ocean waters to sulphi-
des, the latter subsequently reacting with
iron to form FeS,. The reactions to form
pyrite were helped by liberal additions of
iron (Fe’) from sea-floor hydrothermal
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vents and abundant sulphates and meta-
bolizing organisms as well as some iron
from intense terrestrial weathering of
ancient cratons which were in the proc-
ess of merger to form the early supercon-
tinents***!!"1* " These sulphate-reducing
bacteria thrive only under anoxic envi-
ronment, and hence pyrite deposition is
expected to be high in anoxic or euxenic
waters and low in oxic waters, a feature
that has been used by several investiga-
tors to model the oxygen state of ocean
waters.

Recently, Shen e al.'* used the above
environment-sensitive biochemical reduc-
tion to form FeS,, expressed as degree of
pyritization (DOP)®, as a guide to know
the redox state of the mid-Proterozoic
oceans and also employed the sulphur
isotope ratios in the pyrites to interpret
their sulphate chemistry. Their studies
were carried out on pyrites from the 1.5
to 1.42 b.y. old black shales formed west
of the Gulf of Carpenteria (Australian
Northern Territory), an intracratonic basin
in contact with the global ocean of the
period. Here, the DOP in sediments for-
med at different ocean depth zones (inner
shelf shales, distal shelf facies and basi-
nal environment) was observed by them
to be distinctly different —low in the
shallow near-shore sediments and high
towards offshore or deep-ocean basin sedi-
ments. Such a trend, they explained, was
due to prevalence of euxenic conditions
at the bottom of the oceans and oxic con-
ditions near the surface, which, they said,
demonstrated the existence of two dis-
tinct water masses, when these sediments
were laid down in the ocean bottom.

In recent years, fractionation trends
exhibited by the stable isotopes of S, C,
Mo and O present in minerals known to
have been precipitated from the ocean
waters of Archaean and Proterozoic eons
are increasingly being employed to trace
the redox state of oceans of this age and
to find the specific modes of their release
from host rocks before they reached the
ocean®"'>1¢ Basically, during the bio-
chemical reduction process to form py-
rite, the normal ratio between the two
isotopes of sulphur — $*% and $** — is off-
set by the preference of the anaerobic
bacteria to the lighter of the two isotopes

and this leads to strongly ‘depleted’ sedi-
mentary pyrite relative to co-existing sul-
phate of the same age in sea water. Fur-
ther, from culture experiments it is found
that their isotopic fractionation is con-
trolled by the concentration of sulphates
in the waters and speciation of iron®'".
Now Shen et al."* have used the charac-
teristic geochemistry of S-isotopes in the
pyrites to further interpret the chemistry
of mid-Proterozoic oceans.

In their investigation of the Australian
samples, Shen and his team found a regu-
lar variation of S-isotopes in the pyrites
(expressed as 6°*S) along the palaco-
environmental gradient, from proximal
shore region to distant offshore samples,
the most negative &S values occurring
in the basinal shales and the most posi-
tive 84S along the coastal environments.
They have related this to low sulphate
concentration gradient that must have
existed between coastal and offshore re-
gions till the close of Proterozoic eon
and have further deduced that probably
oxygen in the atmosphere also may have
remained well below present levels',
resulting in ocean bottom anoxia. They
have also reported additional evidences
for such a state of ocean bottom anoxia
from two more regions belonging to older
1.73-1.64 b.y. period elsewhere in Nor-
thern Australia, showing strongly en-
riched 8*S data in pyrites. These find-
ings are taken to imply the existence of
low sulphate and basinal euxenic ocean
conditions'* in Proterozoic earth for more
than 250 million years (between 1.73 and
1.44 b.y. ago). Similar high & **S and low
sulphate waters are also observed in coe-
val (~1.47-1.44b.y.) shale in North
America, and in much younger carbo-
nates'® from Namibia. Based on these
observations, they conclude that positive
8*S values characterize early diagenetic
pyrites from mid-Proterozoic shelf shales
around the world and that marine sul-
phate levels may have remained low
until the end of the Proterozoic eon.

In another approach to the same pro-
blem about the redox state of the Pro-
terozoic oceans, Arnold er al.'® relied
upon Mo stable isotopes since they felt
that DOP and S-isotope fractionation data
used by earlier workers are not as robust
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indicators of ocean anoxia as the isoto-
pes'”?® of Mo. Further, they feel low sul-
phate ocean conditions and redox-stratified
sedimentary basins are not unique for the
Proterozoic, as such a state is known to
exist even today where oceans are well
oxygenated top to bottom. Molybdenum,
as MoOj3  anions, is transported to the
oceans by rivers and removed from the
sea water under anoxic or sulphidic con-
ditions into pyrites and under oxic condi-
tions into ferromanganese oxide sediments
by diffusion across sediment-water inter-
face and immobilized there®' >}, Molyb-
denum fractionation ratio (expressed as
8°7%Mo) is the same in sea water and in
the sulphide sediments suggesting that
Mo isotope composition of sea water
depends on the extent of adsorption into
the oxic sediments. Since the & °"**Mo in
sea water can vary consistently with chan-
ges in relative proportions of anoxic and
oxic sedimentation in oceans, the Mo
system can be a good tool to interpret the
palacoredox state of the oceans>. There-
fore, if the area of oxic sea water were
smaller in the past, §°”*Mo in the
marine black shale is expected to shift
toward lighter values.

Arnold et al.'"® examined the mid-Pro-
terozoic marine shale samples from the
same areas studied by earlier workers'
and found that the 8 °”**Mo in sea water
was significantly lighter than in modern
equivalent euxenic sea-bottom (e.g. Black
Sea sediments), suggesting that the Mo-
isotope budget during mid-Proterozoic
was quite different from modern times
and that that redox conditions in mid-
Proterozoic ocean floor differed from that
of the present day. Based on their Mo-
isotope data, they have concluded that
the area of euxenic sedimentation in the
mid-Proterozoic was 10 times larger than
in present day and they believe that such
euxenic conditions of deep ocean may
have persisted for a long period until
after 1.0 b.y., when there was improved
atmosphere—ocean oxygen exchange®'"
and ocean anoxia may have been res-
tricted thereafter to a few places'’.

These interesting findings in marine
black-shale sediments undoubtedly reveal
the potential of bio-geochemical reac-
tions combined with isotope fractiona-

tion data to improve our understanding
of palacoenvironment and its biology®’.
Whether the inferences from such appli-
cations are valid merely for the local
ocean condition or could be true globally,
can be established only through data from
several other Proterozoic marine sediments
around the world. Interestingly, apart from
these data from Australia and North
America, both of which were lying sepa-
rated in the Proterozoic supercontinent
assembly Rodinia'?, a report about exis-
tence of ocean anoxia inferred from &**S
data in Proterozoic age uraniferous black
shales and phyllites from Rajasthan in
India®*, which, during this period was
located far away from either Australia or
North America, may suggest that the
ocean bottom anoxia may have been wide-
spread, possibly global in its coverage.
Next, the question still remains whether
the enriched values and decreased sul-
phur fractionations could be due to low
sulphate in water or lack of sulphate-
reducing bacteria or due to other factors
that affect its concentrations in oceans,
such as sulphate generation routes or sea-
level fluctuations arising from intermit-
tent spells of glaciation during Prote-
rozoic®®, affecting areas of coastal shel-
ves'®?. Likewise, Mo isotope record may
be influenced by changes in Mo input by
rivers or by poor scavenging under mild
euxenic conditions or due to lack of con-
nectivity between euxenic basins and glo-
bal oceans'’. Nonetheless, the spate of
recent studies have unequivocally sup-
ported prolonged existence of intermedi-
ate state of ocean-oxygen that followed
in the wake of influx of oxygen in the
atmosphere early in Proterozoic. This
should help achieve better understanding
of the rise of oxygen in the earth’s atmos-
phere, an issue that has kept the pro-
ponents of the two major opposing models
on this problem firm in their respective
views.
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