LETTERS TO NATURE
FIG. 1 a, Field exposure of the ;;33,850-yr-old Akilia
island BIf3 (collected 150 km south of Isua,
63° 55' 40" N,
51° 41' 30" W;
photograph
by
A. Nutman) in southem West Greenland. Finely alternating bands of magnetite (dark) and silicates (light)
are evident on the broken-off boulder which is part of a
~5-m-thick section of BIF (background) on the island;
the rock hammer is ~40cm tall. b-d, micrographs of
anhedral, oblate apatite grains and associated carbon
in early Archaean BIF. b, View of an apatite crystal in
amphibole (grunerite), from the Akilia island BIF. The
apatite was etched in 2% HN03 (120 s at room temperature) to uncover an envelope of opaque carbonaceous matter atthe grain boundary; linearfeatures in the
crystal are fission tracks from the decay of intrinsic
radionuclides revealed by the etching process (b and d
are optical micrographs in transmitted light, oil immersion lens, plane polarized). c, Scanning electron micrograph of void left after treating apatite in 2% HN03
(1,800s at room temperature), revealing an acidresistant carbonaceous inclusion (centre) typical of
those analysed by ion microprobe. d, Quartzitic microband from the Pilbara craton sediments, Westem
Australia, containing groupings of apatites with cores
of organic matter along thin laminae of organic rich
chert. Scale bars in band d, 20 ~m: scale bar in c,
10~m.

the carbonaceousinclusions is isotopically light, indicative of
biological activity; no known abiotic processcan explain the data.
Unlesssomeunknown abiotic processexistswhich is able both to
create such isotopically light carbon and then selectivelyincorporate it into apatite grains, our results provide evidencefor the
emergenceof life on Earth by at least 3,800Myr before present.
Becauseof the unique chemicalproperties of phosphateand its
fundamental role in a large variety of biochemical processes4,
the
participation of phosphorusin biogeochemicalcyclesmust be a
primitive phenomenon. Authigenic phosphate minerals are a
significant sedimentarycomponent of sediments5~.The principal
constituent of modern authigenic phosphate minerals in marine
sediments is carbonate (hydroxy)fluorapatite (CHFA),
Ca1o(PO4)6-x(CO3)x(F,OH)2+x.
In the marine environment,
organismsparticipate in concentrating organic phosphate from
solution and by recyclingorganicphosphatespeciesfrom decaying
P-rich bioorganic matter7-11.
Microorganisms are well known to
segregatecalcium from magnesium,and actively nucleate CHFA
by meansof specific oligopeptides8-lo.Due to this common formation of authigenic CHFA, microcrystalline aggregatesof apatite in modern as well as ancient sedimentscharacteristicallyare
intergrown with organic matter&-ll.During diagenesisthe aggregatesrecrystallize,eventually forming single apatite crystalswith
inclusionsof carbonaceousmaterial, which after extensivemetamorphism crystallizesto graphite.
Organismsare capable of depositing apatite outside thermodynamic equilibrium in sea water with pH < 8.5 and
[Mg]: [Ca] > 0.1 (refs 10-12), which indicates the potential value
of phosphate microminerals and their associatedcarbonaceous
inclusions as indicators of biological activity in ancient sedimentary chemical precipitates, such as chert and banded iron formations (BIFs)ll. The potential biogenic significanceof the apatite
alone can only be realized if the rangeof Mg/Ca ratios and the pH
in the source solution can be estimated independently. Even in
exceptional cases,BIFs have at most minor fractions of clastic
apatite derived from the weathering of igneous rocksI3.14.
However, such igneous apatite is free of carbon inclusions and is
resistantto dissolution in natural waters; it therefore hasminimal
interaction with marine biogeochemicalcyclesand,moreover,is a
relatively minor mineral constituent in most igneous rocks and
their weatheringdetritus. But metasedimentaryapatite from early
ArchaeanBIFs, if found to contain isotopicallylight carbonaceous
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inclusions diagnostic of a bioorganic origin, might be one of the
few distinguishable traces of early life in the Earth's sediments.
Carbon isotopic measurements of carbonaceous matter in
sedimentary rocks have provided insights into bioorganic pathways and the evolution of early life with or without the presence of
identifiable microfossils1.2.15-18.
However, conventional methods of
mass spectrometry lack the sensitivity to analyse carbon isotopes
in individual apatite inclusions which are typically ,...,10J.1m3and
contain ,...,20pg carbon. The ion microprobe permits the study of
isotopic variations at the scale of 10-20 J.1mspots20.To enhance
the accuracy of measurements, sputtering of each inclusion was
generally continued until a large fraction of the target had been
consumed. The required high sensitivity must be maintained at the
relatively high mass resolving power (M / 8M ~ 4,000) necessary
to separate interfering 12CH- ions from 13C-. We have tested the
hypothesis that carbonaceous inclusions contained in apatite from
early Archaean sediments are biogenic by using an ion microprobe
to perform in situ carbon isotope measurements of such mineral
microdomains in cherts and BIFs from Western Australia
(~3,250 Myr) and from West Greenland ( ~ 3,700 Myr).
The Pilbara craton of northwestern Western Australia contains
well preserved volcano-sedimentary sequences with ages between
,...,3,000and 3,500Myr (refs 20, 21). Within the Warrawoona
Group, cherts from the Apex Basalt (3,450 :J: 16 Myrf2 contain
the oldest microfossils yet identified, some of which resemble
extant chemoautotrophic and photoautotrophic prokaryotic morphotypes1.2.Whole-rock carbon isotope ratios of kerogen in the
Warrawoona sediments have been interpreted to infer that photosynthesizing, or even cyanobacterium-like,
organisms were
already active by 3,500 Myr (refs 1, 2, 16-19). The apatite intergrowths with organic matter we report here are from lower
greenschist facies chert of the (>3,250 Myr) Nickol Well unit of
the Roebourne belt, west Pilbara Archaean successiow2 (R. Buick,
personal communication).
The Isua supracrustal belt in West Greenland contains large
volumes of early Archaean BIF and meta-chertI4.23-2S.35.
As BIFs
are of sedimentary origin, these rocks are at least as old as their
metamorphic age of 3,700 Myr3.23-26.35.
Isua rocks used in this study
have been metamorphosed to amphibolite facies; details of the
mineralogy and petrographic relationships of the Isua rocks have
been given elsewhere23.24.35.
An early Archaean BIF encompassed within a layered amphi-
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