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Early Archaean life in deep-sea hydrothermal ecosystem
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For many years, the beginning of life on
earth during the Archaean period (3800—
2500 m.y. ago) had remained an ‘enigma
clothed in mystery’ and had provided
considerable grist for speculation and
debate. In the earlier half of twentieth
century, the term Archaean was a syno-
nym for ‘Azoic’, meaning lifeless, but
over the last fifty years, this perception
has changed after discoveries of primitive
life forms during this period. In the wake
of several reports about such discoveries,
new theories on the probable origins of
life on earth emerged. Apart from terres-
trial pathways (endogenous origins), the
proposed theories included extraterres-
trial routes also (exogenous origins) based
on evidences from objects that had fallen
from outer space, but the views about
their influence on evolution of life some-
how remained in oblivion. However, with
advances in remote and in situ observa-
tions on orbiting objects in the solar sys-
tem, many prebiotic organic compounds
in galactic space, interplanetary dust,
comets, meteorites and asteroids came to
be recognized' . Following the spate of
recent studies on a meteorite of Martian
origin, pointing to possible life on Mars®,
interdisciplinary research on cosmic con-
nection to early life received a great boost.
Presently, viability of both terrestrial and
extraterrestrial routes continues to be deba-
ted, though there is a general agreement
that life on earth, whether in a hot or cold
setting, emerged first in the oceans’®.
Very early life forms in Archaean or
pre-Archaean times were called prokar-
votes — bacteria and single-celled archaea
lacking nucleus and these led to deve-
lopment of eukaryotes with cells and
nuclei, much later during late-Archaean.
In the absence of recognizable fossils, the
existence of such early life has been
inferred mostly from biogenic carbona-
ceous inclusions, oil and bitumen found
occurring within minerals of this period” .
Oldest evidence of life that had lived
within a little more than half-billion year
after earth formed 4.5 b.y. ago comes from
the banded iron formation (BIF) belong-
ing to the Isua supracrustals in Green-
land. This has been inferred from graphite
inclusions having biogenic C-isotope
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signature, found locked within apatites
(fluorophosphate of calcium) occurring
in these BIFs that had formed 3.8 b.y.
ago'®. The parent organisms, apparently
primitive cyanobacterial forms, must
have lived much before the crystalliza-
tion of these apatite grains. Direct evi-
dences, as microfossils, scarce during this
period, became abundant only after late
Archaean and younger geological peri-
ods. Some of these life forms, a little
more evolved, lived in communities by
building layered organo-sedimentary struc-
tures, mats of cell filaments, by trapping
and binding mud and other sediments.
These are the well-known stromatolites
(dome-shaped structures) and oncolites
(rounded structures). The cyanobacteria
and a few other early forms, the precur-
sors of higher animals, are seen even
today as living fossils flourishing in
diverse marine environments — shallow to
deep sea, sunlit oxygenated zones to dark
anoxic depths as well as cold and dark
ocean bottom to hot submarine volcanic
environs. Many of the early organisms
that lived in shallow depths or the surface
of sea derived their energy through photo-
synthesis. In course of time, other types
like the non-photosynthetic heterotrophs
that thrived on organic molecules in the
dark anoxic depths and, likewise, auto-
trophs that manufactured their own orga-
nic nutrients out of inorganic substances
and similar variants adapted to different
Precambrian (4500-544 m.y.) marine envir-
onments came to be discovered.

While the dawn of Cambrian period
(600-500 m.y.) witnessed an explosion
of multicellular forms of life'*, geological
evidences about their Precambrian pre-
decessors were scarce. With advanced
optical tools aiding their search, micro-
scopic primitive life belonging to the
latter age also could be found from a num-
ber of localities around the world®"* 2,
including India”'***** (Table 1). The
Indian occurrences are reported from Arch-
aean strata in southern, eastern and cen-
tral parts of the country. A recent study
of graphites from > 3.0 b.y. Dharwar and
Sargur supracrustals in southern India
has shown them to be biogenic'? and,
graphites from the adjoining Kolar Schist

belt, as derived from methanogenic and
methylotrophic microorganisms'?; stro-
matolites have also been reported from
Sandur Schist belt”® here. Similar primi-
tive forms were noted in the iron forma-
tions at Bonai, in Orissa’ and recently
from Bailadila in Madhya Pradesh, fila-
mentous unicellular forms were recog-
nized in > 3.0 b.y. rocks®.

Systematic ocean bottom surveys under-
taken over the years have revealed
unusual habitats for bacterial colonies
and other organisms — regions of extreme
temperatures  (130-175°F) prevailing
around present-day hydrothermal volcanic
vents and deep-sea mid-ocean ridge sys-
tems, where superheated waters carrying
sulphur and associated metals gush out.
Most of this life happens to be extremely
simple primitive forms of bacteria (archaeo-
bacteria). Known as hyperthermophiles or
chemolithotrophic microorganisms, these
forms met their energy requirements
through chemosynthetic reactions involv-
ing S, C, and Mn compounds available in
the surrounding waters™”. Though vent
ecosystems were extensive in Archaean
oceans, existence of such primitive thermo-
philic forms of life has not been discov-
ered so far from the rocks of this age. A
breakthrough has been achieved and such
heat-loving forms are now reported from
Sulphur Springs, a locality forming part
of the early Archaean Pilbara craton in
Western Australia®. These new findings are
cyanobacterial filaments from a 3235 m.y.
old deep-sea volcanogenic massive sul-
phide (VMS) deposit made up of sulphides
or sulphates of Fe, Cu, As, Zn, Pb and
Ba, formed by replacement of volcanic
and volcaniclastic rocks. The filamentous
microfossils (0.5-20 pm diameter, up to
300 um long) were non-photosynthetic,
anaerobic forms and, as indicated by their
replacement by submicroscopic pyrite
(FeS,), derived their energies through
reactions involving sulphur”®, abundantly
available in the heated waters gushing
out of the hydrothermal vents in the
ocean bottom.

With the current report of these Sul-
phur Springs organisms that had lived in
a hot hydrothermal habitat, the domains of
Archaean life have expanded and, more
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importantly, they may represent the fos-
sil-links missing in the theories about
deep-sea thermophilic origins of life.
Understandably, this has galvanized sci-
entists, and a section among them now
feels that the new findings have strength-
ened the long-held view, based on studies
of ribosomal RNA and proteins bearing
Ni, Cu, Zn, Mo (all typical metals of
hydrothermal deposits), that the first living
system could be sulphur-metabolizing,
thermophilic micro-organisms evolved
around submarine hydrothermal vents,
much before emergence of photosynthetic
forms>*®#. Such habitats are believed to
have sensitized the early organisms to
heat in course of time and gradually
adapted them to light and led to the evo-
lution of photosynthetic organisms in the
shallower sunlit zones during subsequent
geological periods®. However, this view
is contested in the wake of results to the

contrary from gene sequence evolution
studies, carried out last year in France®®!.
Their experiments, based on temperature-
sensitive RNA molecules in the ribosome
of the cells, have shown that the molecu-
lar building blocks (amino acids and
nucleic acids) of early organisms would
be chemically unstable at high hydro-
thermal vent temperatures. They feel that
the reported Archaean hyperthermophiles,
at best, may have lived only under mod-
erate temperature settings as mesophiles®.
The present-day high-temperature forms,
seen around vents in mid-ocean ridges,
are considered to have evolved sub-
sequently as an adaptation developing
from the earlier mesophilic species. This
controversy may, hopefully, be settled if
the on-going research on gene sequences
of present-day high as well as moderate
temperature archaeobacteria is able to
answer the strange biochemistry of the

Archaean hyperthermophiles and decide
whether they were the earliest forms or
a character (thermoadaptation) acquired
later®'.

The wide-ranging debate on the hot or
cold ambience for the early life addresses
only the later part of evolution of life for
which availability of basic organic com-
pounds — the fundamental molecular build-
ing blocks, should first be present in the
aquatic medium to initiate life. To answer
this critical requirement to the beginning
of life, exogenous implantation has been
put forward by astronomers and astro-
biologists through cosmic seeding of vital
life-triggering organic compounds (poly-
mers and other macromolecules), whose
presence in the early or pre-Archaean
marine ecosystem is otherwise difficult to
explain®. These external sources assume
significance when we take into account
that during pre-Hadean (pre-3.8 b.y.)

Table 1. Some geological sites preserving archaean life
Age (m.y.) Locality Nature of organisms Reference
Greenland
3850 Greenland, Isua supracrustals Biogenic carbonaceous inclusions in apatites from iron 13
’ formations
Africa
3200-3500 Onverwacht Group, Swaziland, Fig Tree for-  Cyanobacteria-like organisms, filaments, traces of micro- 16, 18
mation, Barberton Mountainland fossils, organic mats, stromatolites in cherts/volcanic-
lasts, in shallow marine environments
Canada
2500 Beck Springs and Gunflint Iron Formation Algae/pyritized filaments in cherts, shallow marine 22,23
Australia
3400-3500 Pilbara block and North Pole Shallow marine/subaerial cyanobacteria; oil inclusions 10, 18
(biogenic)
3000-3400 Apex basalt, Pilbara craton Cyanobacterium-like photo-autotrophs in cherts 24
3300-3500 Towers Formation, and Warawoona Group, Unicell colonies in sedimentary rocks, shallow subaqueous 9,10, 24
Pilbara Craton (marine) to subaerial cyanobacteria; oil inclusions deri-
ved from earlier organisms
3235-3260 Sulphur Springs, Pilbara craton Pyritized cyanobacterial filaments, deep sea, hydrothermal 18-21
habitat
3000-3250 Musquito Creek, Pilbara craton Oil inclusions (biogenic) within quartz grains; biogenic 10, 11
bitumen nodules
2750 Tambiana Formations Cyanobacterial filaments in sedimentary rocks, shallow 24
marine
India
> 3000 Dodguni and Bhimasandra, Shimoga Schist ~ Stromatolites and other microbiota in Cherty limestone 26
belt, Karnataka
> 3000 Kudremukh iron formations, Karnataka Silicified/pyritized cyanobacteria 27
> 3000 Bailadila, Madhya Pradesh Unicellular structures (stromatolites) in iron formations 28
~ 3000 Sargur and Dharwar supracrustals, Karna- Graphite of biologic origin in schists and quatzites 12
~ 3000 taka
2900 Kolar Schists, Karnataka Methanogens and methylotropic forms 12
2900 Sandur Schists, Karnataka Stromatolites of shallow marine habitat 25
2900 Bonai, Keonjar Dt, Orissa Algal stromatolites in iron formations 7
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history, earth was bombarded by meteo-
rites, asteroids, comets and interplanetary
dusts, all carriers of vital ingredients for
life. The possibilities for such exogenous
vectors for delivering prebiotic organic
compounds appear more likely in an early
carbon dioxide-rich terrestrial atmos-
phere’®, where mechanisms of endo-
genous production of organics for early
life were known to be relatively weak™.

Lastly, there is also the view that
micro-organisms could have as well
developed in comets and other cosmic
objects and subsequently introduced, well
shielded during the transit through thick
carly atmosphere®, directly into early
earth'. Such a possibility cannot also be
brushed aside, especially when consi-
dered against reports about the tenacity
of life to survive for extended periods
under extremely harsh conditions. We
have examples of living bacterial colo-
nies entombed for millions of years deep
inside crustal rocks®. There has been
successful revival of bacteria from inside
a bee entombed in amber for 25 million
years®, and reanimation of a similar spe-
cies of Bacillus from a brine inclusion
within 250 m.y. old salt crystal’’ not to
mention the amazing viability of bacteria
found within an operating nuclear reac-
tor. Indeed, the prebiological history that
had led to evolution of life forms, such as
those seen in Sulphur Springs, are very
difficult to evaluate at this stage and,
small wonder, they still remain an
‘enigma clothed in mystery’.

1. Hoyle, F. and Wickramasinghe, N. C.,
Our Place in the Cosmos: The Un-
finished Revolution, Dent, London, 1993.

2. Chyba, C. F., Thomas, P. J., Brookshaw,
L. and Sagan, C., Science, 1990, 249,
366-373.

20.

. McKay, C. P, in Comets and the Origin

and Evolution of Life (eds Thomas, P. J.,
Chyba, C. F. and McKay, C. P.), Springer,
New York, 1996, pp. 283-287; Chyba,
C. F. and Sagan, C., ibid, pp. 147-167,
Oro, J. and Lazcano, A., ibid, pp. 3-18.

. McKay, D. S., Gibson, E. K., Thomas-

Keprta, K. L., Vali, H., Romanek, C. S.,
Clemett, S. J., Chillier, X. D. F., Maech-
ling, C. R. and Zare, R. N., Science,
1996, 273, 924-929.

. McCollom, T. M. and Shock, E. L., Geo-

chim. Cosmochim. Acta, 1997, 61, 4375~
4391.

. Nisbet, E., Nature, 2000, 405, 625-626.
. Saha, A. K., Mem. Geol. Soc. India, 1994,

27, 94-97.

. Woese, C. R., Microbiol. Rev., 1987, 51,

221-271.

. Schopf, J. W. and Packer B. M., Science,

1987, 237, 70-73.

. Buick, R., Rasmussen, B. and Krapez, B.,

Bull. Geol. Assoc. Petrol. Geol., 1998,
82, 50-69.

. Sankaran, A. V., Curr. Sci., 1999, 76,

8§68-870.

. Kumar, B. and Das Sharma, Curr. Sci.,

1998, 75, 396-399.

. Mojsis, S. J., Arrhenius, G., McKeegan,

K. D., Hararison, T. M., Nutman, A. P.
and Friend, C. R. L., Nature, 1996, 384,
55-59.

. Sankaran, A. V., Curr. Sci., 1999, 76,

137-141.

. Schopf, J. W., in Earth’s Earliest Bio-

sphere (ed. Schopf, J. W.), Princeton
University Press, Princeton, 1983, pp.
214-239.

. Walsh, M. M. and Lowe, D. R., Nature,

1985, 314, 530-532.

. Awarmik, S. M., Schopf, J. W. and Wal-

ter, M. R., Precambrian Res., 1983, 20,
357-374.

. Walter, M. R., Buick, R. and Dunlop,

M. S. R., Nature, 1980, 284, 443-445.

. Brocks, J. J., Logan, G. A., Buick, A. R.

and Summons, R. E., Science, 1999, 285,
1033-1036.

Rasmussen, B., Narure, 2000, 405, 676—
679.

21. Lowe, D. R., Nature, 1980, 284, 441—
443,

22. Gunstadt, A. M. and Schopf, J. W,
Nature, 1969, 223, 165-167.

23. Barghoorn, E. S. and Tyler,
Science, 1965, 147, 563-577.

24. Schopf, J. W., Science, 1993, 260, 640—
646.

25. Murthy, P. S. N. and Krishna Reddy, K.,
J. Geol. Soc. India, 1984, 25, 263-266;
Naqvi, S. M., Venkatachala, B. S,
Shukla, M., Kumar, B., Natarajan, R. and
Sharma, M., ibid, 1987, 29, 535-539.

26. Baral, M. C., J. Geol. Soc. India, 1986,
28, 328-333.

27. Radhakrishna, B. P. and Vaidhyanathan,
R., Geology of Karnataka (Book Series),
Geological Society of India, Bangalore,
1994, p. 353.

28. Raha, P. K., Parulkar, S. N., Ghosh,
S. C.,, Some, S., Kundu, V. S., Kumar,
M., Saha, G. and Misra, 1. K., J. Geol.
Soc. India, 2000, 55, 663-673.

29. Gaidos, E. J., Nealson, K. H. and Kirsch-
vink, J. L., Science, 1999, 284, 1631-
1633.

30. Galtier, N., Tourasse, N. and Gouy, M.,
Science, 1999, 283, 220-221.

31. Balter, M., Science, 1998, 280, 30-31.

32. Kasting, J. F., Science, 1993, 259, 920-
925.

33. Chyba, C. and Sagan, C., Nature, 1992,
355, 125-132.

34. Folinsbee, R. E., Douglas, J. A. V. and
Maxwell, J. A., Geochim. Cosmochim.
Acta, 1967, 31, 1625-1635.

35. Sankaran, A. V., Curr. Sci., 1997, 73,
495-497.

36. Cano, R. J. and Borucki, M. K., Science,
1995, 268, 1060-1064.

37. Vreeland, R. H., Rosenzweig, W. D. and
Powers, D. W., Nature, 2000, 407, 897—
900.

S. A,

A. V. Sankaran lives at 10, P&T Colony,
I Cross, Il Block, R.T. Nagar, Bangalore
560 032, India.

1522

CURRENT SCIENCE, VOL. 79, NO. 11, 10 DECEMBER 2000



