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bstract

The Pilbara Craton of Western Australia and the Barberton Greenstone Belt of the Kaapvaal Craton, South Africa, contain some
f the oldest and best preserved Archaean rocks and microfossils in the world. Two stratigraphic horizons in the Pilbara Craton were
rilled as part of a collaborative effort between France and Australia (the Pilbara Drilling Project) during August 2004, including
he 3481 Ma Dresser Formation (Warrawoona Group) and 2724 Ma Tumbiana Formation (Fortescue Group). A new diamond drill
ole was cored in August 2008 through part of the ∼3250 Ma Fig Tree Group in the Barberton Greenstone Belt as part of a joint
roject between France and South Africa. These pristine diamond drill cores present a unique opportunity to constrain the chemistry

f the earliest ocean, the composition of the atmosphere, and the settings and types of microbial ecosystems spanning the Archean
on. These drill core samples can also provide new clues on the earliest metabolic pathways. To cite this article: P. Philippot et al.,
. R. Palevol 8 (2009).

2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

ésumé

Recherche de traces de vie primitive dans des forages de séquences sédimentaires archéennes (Craton des Pilbara, Australie
t Chaîne de Barberton, Afrique du Sud). Le craton des Pilbara en Australie occidentale et la chaîne de roches vertes de Barberton
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en Afrique du Sud contiennent les microfossiles les plus vieux et mieux préservés du monde. En 2004, dans le cadre d’une
collaboration franco-australienne (IPGP/GSWA, Pilbara Drilling Project), deux niveaux stratigraphiques du Craton des Pilbara ont
été forés: le Dresser à 3,5 Ga et le Tumbiana à 2,7 Ga. Un nouveau forage a été réalisé en août 2008 dans la chaîne du Barberton à
la base du groupe du Fig Tree (3,25 Ga) dans le cadre d’une collaboration franco-sudafricaine (IPGP/AEON, projet ! Khure Africa,
Barberton Barite Drilling Project). L’analyse des carottes collectées représente une opportunité unique pour contraindre le cadre
environnemental des écosystèmes microbiens archéens. Il s’agit, en particulier, d’y rechercher les traces des premiers métabolismes
microbiens et d’établir le lien avec l’évolution des compositions chimiques et isotopiques de l’atmosphère primitive et des premiers
océans et continents. Pour citer cet article : P. Philippot et al., C. R. Palevol 8 (2009).
© 2009 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Although several decades have passed since the first
description of recognisable Early Archean microfossils
[1,11,14,43], morphology-focused imaging techniques
of fossil-like objects [5,46] and stable isotope (C, N,
S) compositions [34,65] of putative Archean microbial
remains have failed to absolutely confirm a biogenic
origin. Additionally, several abiologic metamorphic and
hydrothermal reactions have been identified that could
produce kerogen-like polymers and graphite [5,65], and
specific abiologic processes have been described that
can generate complex structures that resemble micro-
fossils [16] and stromatolites [18,31]. In view of these
uncertainties and controversies, it is now recognized that
studies of early life and the associated environmental
conditions depend on identification of the geological
context, hydrothermal and metamorphic processes, and
detailed structural, isotopic and chemical description of
mineral assemblages and organic microstructures that
are indigenous to, and syngenetic with, the stratigraphic
rock record.

One of the most serious problems for understand-
ing the evolution of organisms and their biogeochemical
environments from the ancient rock record has been the
difficulty in obtaining fresh samples, i.e., rocks that have
not been severely altered by post-depositional processes.
For example, in the Pilbara Craton, extreme surface
weathering is known to transform greenschist-facies
ultramafic rocks into carbonates, and sedimentary car-
bonates and black shales into cherts [50]. This is a central
factor in the current debate regarding the significance
of the oldest stromatolite structures preserved on Earth,
namely the ∼3.5 billion year-old Dresser Formation stro-

matolite, because surface exposures of these structures
are represented by either red- and black-weathering iron
oxides and/or layered chert, both of which may poten-
tially mask the original protolith material and thus limit
a confident interpretation of these structures (Fig. 1).
e roches vertes de Barberton ; Isotopes stables

Similar uncertainty surrounds the protolith of lay-
ered chert, the main host rock of some putative Archean
microfossils, which has been interpreted as either pri-
mary chemical precipitates out of a hot Archean ocean
(e.g. [25]), or as carbonate sediments that were silicified
during low-temperature hydrothermal fluid emanations
on the seafloor [23,52]. More generally, the origin of the
widespread silica alteration of volcanic rocks in Early
Archean terranes remains unclear. Some authors have
suggested that this silicification took place during sub-
aerial or submarine weathering of volcanic flow tops,
i.e. more or less concomitant with the precipitation of
overlying cherts [32]. Others have proposed that seafloor
alteration associated with low temperature hydrother-
mal activity is the most likely cause of silicification
[12,13,21,36].

A final concern lies in the possibility that different
generations of microbial communities may have col-
onized the rocks through time. Degradation of earlier
biosignatures or the formation of new ones needs to be
seriously considered before any safe conclusion can be
reached about the nature and age of the oldest micro-
bial lineages. Perhaps most problematic is that microbial
colonization of subsurface environments in the recent
past may have contributed to the accumulation of bio-
genic traces, casting a shadow on bulk analyses of early
biological remains in general and soluble biomarkers in
particular [17,41].

In order to address these problems in a critical way,
two international drilling projects have been initiated
in recent years to recover fresh, continuous cores of
key geologic formations from the Pilbara Craton and
Hamersley Basin of Western Australia and the Barberton
Greenstone Belt of South Africa, from below the zone of
surficial oxidative weathering (Fig. 1). These include: (i)

the Pilbara Drilling Project (PDP) which was completed
in 2004 and led by the Institut de Physique du Globe de
Paris (IPGP), the Centre National de la Recherche Sci-
entifique (CNRS) and the Geological Survey of Western
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ig. 1. Schematic diagram showing important biogeochemical events
arite Drilling Project (BBDP) indicated.
ig. 1. Diagramme synthétique des principaux événements biogéochim
) et Barberton Barite Drilling Project (BBDP) sont indiqués.

ustralia (GSWA); and (ii) the Barberton Barite Drilling
roject (BBDP), which was completed in August 2008
nd led by the IPGP, the CNRS and the African Earth
bservatory Network (AEON).
This article describes the geological features of the

rill cores collected in Western Australia. Drill cores
rom the Barberton Greenstone Belt were collected only
ecently and were not investigated at the time of writing
his paper. A brief introduction of the geological setting
f the Barite Syncline is provided in the discussion.

. General geology

The Pilbara Craton of Western Australia [61] devel-
ped from 3.65–2.83 Ga, and includes the 3.53–3.165
a Pilbara Supergroup, the unconformably overlying c.
.02–2.94 Ga De Grey Supergroup, and several suites of
ranitic rocks that span the entire history of the craton
63]. The unconformably overlying Mount Bruce Super-
roup of the Hamersley Basin contains a well-preserved

uccession of volcanic and sedimentary rocks deposited
etween 2.78 and 2.45 Ga on the granite-greenstone
asement of the Pilbara Craton [55]. At the base of
he Pilbara Supergroup is the Warrawoona Group [10],
g on Earth. Pilbara Drilling Project (PDP 1 and PDP 2) and Barberton

apparus sur Terre. Les forages Pilbara Drilling Project (PDP 1 et PDP

which is a succession of low-grade metavolcanic and
metasedimentary rocks deposited from greater than 3.52
to 3.43 Ga [63].

Stratigraphic drilling in the Pilbara Craton was per-
formed through the two stratigraphic horizons that are
commonly cited as hosting evidence for early life [62]
(Fig. 1): the 3481 Ma Dresser Formation of the Warra-
woona Group and the 2724 Ma Tumbiana Formation of
the Fortescue Group [52,53].

2.1. Tumbiana Formation

Surface outcrops of the Tumbiana Formation display
abundant and diverse stromatolites, ranging in size from
a metre to centimetre scale (Fig. 2a). These overlie a
thick section (up to hundreds of metres) of volcaniclastic
sandstone and accretionary lapilli beds (Mingah Mem-
ber), which in turn overlie thick subaerial basalt flows
of the Kylena Formation. The Tumbiana Formation is
overlain by thick, commonly vesicular subaerial basalt

flows of the Maddina Formation. It was deposited at
2724 ± 5 Ma, as indicated by zircon U-Pb dating [3],
either in a shallow marine or lacustrine environment
associated with influx of riverine fresh water derived
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Fig. 2. a) Stromatolite from the Tumbiana Formation. b) Millimetre-scale bulbous stromatolites. c) Millimetre-scale fragment of stromatolite in
tuffaceous material (sample 65.5c). d) Pseudomorph of hopper halite crystal in a carbonate stromatolite layer (sample 68.9b). e) Tuffaceous material
(sample 70.2c). f) Detail of e) showing filament-like texture resembling microfossils.

millim
alite d
amente
Fig. 2. a) Stromatolite de la Formation de Tumbiana. b) Stromatolites
volcanique (échantillon 65,5c). d) Pseudomorphose d’un cristal de h
volcanique (échantillon 70,2c). f) Détail de e) montrant une texture fil

from the continents [4,9,42,52]. A maximum temper-
ature of rock equilibration of about 300 ◦C has been
estimated using metamorphic mineral assemblages and
the degree of organization of organic matter on the PDP1
drill core samples [28].

In stromatolites, a few putative filamentous micro-

fossils [45] and their palimpsests were interpreted as
traces of phototrophic microbes [45,65]. In addition,
2�-methylhopane molecules that can be attributed to
cyanobacteria [6] or an anoxygenic phototroph [40] were
étriques de forme bulbeuse. c) Fragment de stromatolite dans un tuff
ans un niveau de stromatolite carbonaté (échantillon 68,9b). e) Tuff
use ressemblant à un microfossile.

also detected in the Tumbiana Formation. It was thus
proposed that these stromatolites formed primarily by
the activity of photosynthesizers [65]. However, recent
investigations of the carbon stable isotopes from differ-
ent generations of carbonaceous material present in other
Pilbara rocks analyzed for their molecular fossils were

interpreted to indicate that the soluble hydrocarbons
entered the rocks some 500 million years after depo-
sition and therefore are not indigeneous to the original
host rock [41].



R. Pale

t
b
o
t
t
C
m
i
t
c
u
t
e

2

o
o
M
m
a
l
l
(
c
s
r
v
b
T
l
l
[
a
s
t
[

g
[
o
o
d
m
v

t
w
a
w

underlie the formation. Subsequent hydrothermal circu-
lation has been related either to structural doming [21],
or rifting at 2.7 Ga during deposition of the Fortescue
Group [7]. A second model suggests that the chert–barite
P. Philippot et al. / C.

Sedimentary organic matter strongly depleted in
he carbon isotope 13C down to −60‰ has long
een attributed to growth of aerobic, methan-
trophic bacteria [20]. However, Hinrichs [22] showed
hat anaerobic methanotrophy involving sulfate as
he electron acceptor according to the reaction
H4 + SO4

2− = HCO3
− + HS− + H2O could be a viable

echanism for explaining the observed depletion of 13C
n sedimentary organic carbon. According to this model,
he 2.7 Ga organic carbon isotope excursion could indi-
ate that sulfate concentrations were high enough for
tilization by sulfate-reducing bacteria. In either case,
he isotopic signature provides strong evidence for the
xistence of archaeal methanogens.

.2. Dresser Formation

The Dresser Formation consists of interbedded units
f chert–carbonate–barite and basalt that form a ring
f hills which dip shallowly away from the North Pole
onzogranite in the core of the North Pole Dome. The
onzogranite was emplaced into the core of the dome

s a subvolcanic laccolith during eruption of the over-
ying, c. 3.46–3.42 Ga Panorama Formation [58]. The
owermost chert unit is intercalated with several barite
BaSO4) lenses and is overlain by silicified felsic vol-
anogenic, hydrothermal breccia and bedded carbonate
ediments that were deposited in a shallow water envi-
onment [27,35,64]. This succession of chert, barite,
olcanoclastic sandstone, hydrothermal breccia and car-
onate is herein referred to as the chert–barite unit.
his unit is overlain by pillowed basalt and under-

ain by spinifex-textured metabasalt that experienced
ow-grade metamorphism of between 100 and 350 ◦C
48]. The underlying komatiitic basalt is pervasively
ffected by intense hydrothermal alteration and tran-
ected by a myriad of veins–varying from centimeters
o kilometers long–of barite and black and white cherts
21,54,56,60].

Pb–Pb isochron age of 3490 Ma was obtained from
alena in barite of the chert–barite unit at North Pole
51]. This is in good agreement with a zircon U-Pb age
f 3481 Ma recently obtained from a volcanoclastic layer
f the PDP2 drill core [64] and a Sm–Nd age of 3480 Ma
etermined from volcanic, sedimentary and hydrother-
al rocks of the chert–barite deposit and underlying

olcanics [49].
Three models have been proposed for the setting of
he chert–barite unit. One model suggests that the rocks
ere deposited as bedded carbonate–gypsum evaporites

nd mafic volcanogenic sediments in a quiet, shallow
ater marine lagoon separated from the open ocean by
vol 8 (2009) 649–663 653

a sand bar [8,19]. In this model, the chert units were
interpreted as silicified carbonates and bedded barite
units as evaporative gypsum that were replaced by barite
during early hydrothermal fluid circulation as attested
by the extensive network of silica ± barite veins that
Fig. 3. Stratigraphic log of the 2.7 Ga Tumbiana Formation drill-core
PDP1.
Fig. 3. Log stratigraphique de la Formation 2,7 Ga de Tumbiana (forage
PDP1).
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units were deposited on oceanic crust during off-axis
hydrothermal circulation and that the regional stratig-
raphy represents a set of thrust-bound ophiolite slices
[24,45]. A third model suggests that the protoliths of the
chert–barite unit were deposited during hydrothermal
circulation in a volcanic caldera [35,58,59,60]. In this
model, the silica and barite veins that underlie the bedded
chert–carbonate units are interpreted as fossil hydrother-
mal fluid pathways that formed synchronously with, and
were the cause of, deposition of the bedded chert–barite
unit. Support for this interpretation arises from recent
147Sm–143Nd data indicating isochronous relationship
between volcanic, sedimentary and hydrothermal rock
types, including barite, at about 3.481 Ga [49]. In addi-
tion, bulk and individual fluid inclusion analysis led to
the recognition of three main types of fluid populations
preserved in intra-pillow quartz pods [15] and under-
lying hydrothermally-altered komatiitic basalts [39]: a

metal depleted fluid, a Ba-rich and S-depleted fluid, and
a Fe–S-rich end-member. The Cl/Br ratio of the metal
depleted fluid inclusions (630) is similar to that of mod-
ern seawater (649) and has been interpreted as a remnant

Fig. 4. Drill core samples from the Tumbiana Formation. a) Carbonate str
Alternating mudstone and tuff layers containing fenestrae. All cores are 5 cm
Fig. 4. Échantillons de la carotte de forage de la Formation de Tumbiana. a) S
de courant dans une pélite. c) Alternance de pélite et de tuff volcanique. Tous
vol 8 (2009) 649–663

of Archean “seawater” [15]. In contrast, Ba- and Fe-rich
brines have Cl/Br ratios (350 and 390) close to that of the
bulk Earth value (420), hence arguing for a hydrothermal
origin of these fluids.

Silica veins underlying the chert–barite unit con-
tain small amounts of sulfides, carbonaceous filaments
[14] and CH4-bearing fluid inclusions with �13C val-
ues between −30 and −35‰ [58] and as low as −56‰
[57], respectively. The carbonaceous filaments have been
interpreted as microfossils of chemoautotrophs [58],
whereas the associated 13C-depleted inclusion fluids are
thought to have been produced by methanogens in sur-
ficial environments and recycled in the silica veins by
hydrothermal fluids [57]. It is from similar intrusive sil-
ica veins beneath the 3460 Ma Apex chert that Schopf
et al., [44,46] interpreted in situ carbonaceous material
as “cellular microfossils”, whereas Brasier et al. [5] and
Lindsay et al. [30] advocated a non-biogenic origin asso-

ciated with Fischer–Tropsch synthesis for this material.
The chert–barite unit contains the oldest known occur-
rence of stromatolites [19,66], but debates continue over
the biogenicity of these structures [11,31]. Because of

omatolite with local columnar shape. b) Wave-rippled siltstone. c)
across.
tromatolite carbonaté montrant une géométrie en colonne. b) Figures
les échantillons ont une section de 5 cm.
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Table 1
Drillhole data for the Pilbara Drilling Project (Western Australia) and Barberton Barite Drilling Project (South Africa).
Tableau 1
Données des forages Pilbara Drilling Project (Australie occidentale) et Barberton Barite Drilling Project (Afrique du Sud).

Drill hole number Direction Surface location Interval drilled
Plunge ⇒ azimuth Latitude Longitude HQ core (m) RC hammer (m) NQ core (m)

PDP1 75◦ ⇒ 323◦ 21◦18′15′′S 120◦24′40′′E 0–104.0
PDP2a 50◦ ⇒ 330◦ 21◦10′33′′S 119◦25′50′′E 0–50.6
PDP2b 50◦ ⇒ 330◦ 21◦10′34′′S 119◦25′50.9′′E 0–84.0 84.0–109.6
PDP2c 50◦ ⇒ 330◦ 21◦10′34.5′′S 119◦25′51′′E 0–69.3 69.3–114.6
BBDP1 50◦ ⇒ 295◦ 25◦54′21.3′′S 31◦03′32.7′′E 0–30.57 30.57–102.54
BBDP2 50◦ ⇒ 288◦ 25◦54′24.8′′S 31◦03′23.9′′E 0–18.18 18.18–125.09

125.09–144.31 144.31–154.36
154.36–163.36 163.36–182.39

Fig. 5. Stratigraphic log of the ca. 3.5 Ga Dresser Formation drill-cores PDP2b and PDP2c.
Fig. 5. Log stratigraphique de la Formation de Dresser (forages PDP2b et PDP2c).
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Fig. 6. a) Hydrothermally-altered komatiitic basalt showing vesicles filled by an early phase of carbonate and a subsequent assemblage of microquartz,
recrystallized carbonate rhombs, and b) white mica that was introduced by cross-cutting black chert veins (arrowed). c) The fluid phase leading to
the recrystallization of the secondary carbonate occurs preserved in fluid inclusions surrounding microscopic carbonate grains (sample 113.5, drill
core PDP2C). d) Bedded barite composed of coarse crystalline barite fans that alternate with macroscopic pyrite ± sphalerite laminites and variable
amounts of cherty material (sample 89.0, drill core PDP2b). e) Individual barite crystal containing microscopic sulfides lining barite overgrowth
zones (sample 88.4, drill core PDP2b). f) Felsic volcaniclastic sandstone overlain with curved pebble conglomerate. g) Detail of the angular felsic
volcaniclastic sandstone (sample 94.5, drill core PDP2c). All cores are 5 cm across.
Fig. 6. a) Basalte komatiitique altéré montrant des vésicules remplies par un carbonate précoce et un assemblage secondaire à quartz microcristallin,
rhomboèdres de carbonates recristallisés et b) micas blancs introduits par un fluide issu de veines de silex noirs (indiquées par une flêche). c) La phase
fluide responsable de la cristallisation du carbonate secondaire est préservée sous forme d’inclusions fluides entourant des micrograins de carbonate
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Fig. 6.

heir uncertain origin, Buick et al. [11] used the term
stromatoloids” to describe these dome-shaped struc-
ures. Another important finding at North Pole concerns
he oldest evidence of sulfur metabolisms, being either
ulfate reducers [47] and/or elemental sulfur dispropor-
ionators [37,38] (see below).

. Geology of the drillcores

.1. Pilbara drilling project 1 (PDP1): Tumbiana
ormation

The top of drillhole PDP1 intersected generally
resh, low-grade vesicular metabasalt of the Maddina
ormation from the surface to a depth of 42.72 m
Fig. 3). Rubbly zones at 7.7–8.3 m and 18.1 m, as
een in nearby surface outcrops, are interpreted to rep-
esent subaerial basalt flow tops. At the bottom of
he metabasalt section, the rocks are recrystallized to

coarser-grained assemblage of chlorite porphyrob-
asts and anatase (40.28–42.66 m). The lower contact
f the metabasalt is a 5 cm-thick zone (42.66–42.72 m)
f eutaxitic breccia that lies directly on the Tumbiana
ormation. The top of the Tumbiana Formation in

he drillhole consists of a 9-cm-thickness of stroma-
olitic limestone (42.72–42.81 m). This overlies a thin

recciated interval with large clasts of siltstone in a
olcanoclastic matrix. Below this (42.89–46.7 m) are
nterbedded black mudstones (locally pyritic) with local
olcaniclastic siltstone (46.3–46.9 m). The interval com-

échantillon 113,5, carotte PDP2C). d) Dépôt de barytine litée, caractérisé par u
ssociées à du quartz microscristallin (échantillon 89,0, carotte PDP2b). e) Cri
es zones de croissance de la bartyine (échantillon 88,4, carotte PDP2b). f) G
rauwacke felsique (échantillon 94,5, carotte PDP2c). Tous les échantillons o
nued ).

prised between 46.7 and 48.53 m is predominantly
composed of siltstones displaying cross-bedding, lentic-
ular bedding and flaser structures, with interbeds of
laminated mudstones. A stromatolitic build-up is present
at 47.02 m, on top of dm-thick interval of fragmented
microbial-like sedimentary rocks. Below a brownish
oxidized zone between 48.53 and 64.28 m is volcani-
clastic siltstone with ripples, and shale (64.28–65.54 m)
with some microbial-like laminated intervals between
64.54 and 64.78 m. The underlying interval is domi-
nated by microbial deposits comprising fenestrae-rich
laminated sedimentary rocks, finely wavy laminated
microbial deposits, pluricentimetric-high domal stro-
matolites (between 65.65 and 71.3 m; Figs. 2b, 4a)
preserving salt pseudomorphs (Fig. 2d), and flat peb-
ble breccias composed of stromatolite fragments (see
Fig. 2c). These deposits are interbedded with tuffa-
ceous siltstone (Fig. 2e), mudstone and accretionary
lapilli tuff. Locally, individual tuffaceous grains dis-
play a filamentous network of ichnofossil-like textures
along their boundaries (Fig. 2f). Stromatolite build-ups
are again well developed between 76.15 and 79.98 m,
with domal structures reaching 20 cm in height. Between
79.98 and 89.56 m are interbedded mudstone, wave-
rippled siltstsone (Fig. 4b) and microbialite that grade
down into a more volcaniclastic sediment between 86.68

and 89.56 m. The lower part of the hole, from 89.56 to
104.0 m, is monotonous tuffaceous material with accre-
tionary lapilli. Flat-pebble conglomerates are present
in the upper 10 cm of the interval and fenestrae occur

ne alternance de barytine en rosette et de lamines de pyrite ± sphalérite
stal de barytine contenant des sulfures microcristallins alignés le long
rauwacke felsique associé à un niveau de conglomérat. g) Détail du

nt une section de 5 cm.
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Fig. 7. a) Layered sedimentary silicified carbonate with local jaspilitic beds (hematite bearing; sample 84.1; drill core PDP2b). b) Micron-thick
wavy carbonaceous laminae (arrowed) preserved in the core of large euhedral ankerite crystals interpreted as relics of sedimentary layering and
microbial mats (sample 84.1b; drill core PDP2b). c-d) Layered silicified carbonate showing dispersed fluffy ‘clots’ of remobilized carbonaceous
material dispersed in a strongly silicified matrix (sample 93.4; drill core PDP2C). e) Secondary hematite pseudomorphing carbonate rhombs (sample
84.7, drill core PDP2b). f) Possibly primary hematite coexisting with organic material (arrowed) in the core of euhedral ankerite crystals (sample
92.5c, drill core PDP2c). All cores are 5 cm large.
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own to 91.46 m (Fig. 4c). Some microbial mat-like lay-
rs occur between 103.31 and 103.85 m. Drilling was
topped at 104.0 m depth.

.2. Pilbara drilling project 2 (PDP2): Dresser
ormation

The drilling site was chosen in the southeastern part of
he North Pole Dome, where bedded sedimentary rocks
f the Dresser Formation dip 40◦ south-southeast. Three
losely spaced drillholes were sited to the South of the
urface outcrops, in the stratigraphic hangingwall, and
ere oriented at 50◦→330◦ in order to intersect the bed-
ing at right angles (Table 1). The first hole (PDP2a) was
rilled with HQ core (75.7 mm diameter) to a depth of
0.6 m through pillowed metabasalt affected by heavy
urficial weathering, at which depth the hole was aban-
oned. No analysis of this core has been made. The
econd hole (PDP2b) was located further away from the
urface outcrops and drilled through metabasalt by RC
ammer to a depth of 84.0m, when red flakes of jaspilitic
hert emerged from the hole. Diamond drilling with
Q core (47.6 mm diameter) commenced at this depth

nd continued from 84.0–109.6 m, through the bedded
edimentary rocks, into the underlying metabasalt. The
hird hole (PDP2c) was sited 14 m further to the south-
outheast. Knowing the depth of weathering from the
DP2b hole and the dip and continuity of the bedded sed-

mentary rocks, the first 69.3 m of this hole was drilled
y RC hammer to penetrate below the zone of weather-
ng but remain within the overlying metabasalts. From
his depth, drilling continued by NQ diamond drillcore.

etabasalt was intersected to a depth of 92.3 m, where
he upper contact of the bedded sedimentary rocks was
eached. Diamond drilling was continued through the
hert–barite unit to a depth of 114.6 m, well into the
nderlying komatiitic metabasalt.

The different stratigraphic units in the drill cores are
escribed below from stratigraphic base to top (Fig. 5).
he bottom unit consists of hydrothermally-altered
omatiitic metabasalt that is transected by numerous

eins of grey to black silica and barite. These komati-
tic metabasalts preserve relict pyroxene spinifex texture
hat is now replaced by a carbonate, white mica and
yrite assemblage (Fig. 6a). Vesicles are filled by an

ig. 7. a) Sédiment lité montrant des alternances de carbonates silicifiés et d
DP2b). b) Lamines d’épaisseur de l’ordre du micron, composées de matière c
’ankérite et interprétées comme des vestiges de tapis microbiens fossilisés (
ontenant des agrégats de matière carbonée, dispersés dans la matrice silic
éveloppant au détriment de rhomboèdres de carbonate (échantillon 84,7, c
atière carbonée (flêche) dans le cœur d’un cristal d’ankérite (échantillon 92
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early phase of carbonate and a subsequent assemblage of
microquartz, recrystallized carbonate rhombs (Fig. 6b)
and white mica that was introduced by cross-cutting
veins. Locally, the fluid phase that led to the recrystal-
lization of the secondary carbonate is preserved as fluid
inclusions surrounding microscopic carbonate grains
(Fig. 6c). Cross-cutting veins consist of an early genera-
tion of black chert (Fig. 6a) composed of recrystallized
carbonate rhombs, abundant carbonaceous material and
minor sulfides dispersed in a cherty matrix, and a later
generation of grey to white chert with fibrous quartz and
carbonate rhombs.

Overlying the komatiitic basalt are 2.5 to 3.6 m of
bedded barite composed of coarse crystalline barite fans
that alternate with macroscopic pyrite ± sphalerite lami-
nates, and variable amounts of cherty material (Fig. 6d).
Centimetre-thick carbonate layers are also present.
Locally, large barite crystal fans display sector- and
oscillatory-zonation characteristic of hydrothermal envi-
ronments. Well-preserved overgrowth zones are lined
with microscopic, rounded, Ni-bearing sulfides (Fig. 6e;
[37]). In most cases, however, barite fans have been
extensively recrystallized into a fine-grained assemblage
of secondary barite coexisting with fine-grained silica
of hydrothermal origin. Associated sulfides lining barite
overgrowth zones were also recrystallized into larger,
subhedral and Ni-depleted pyrite crystals, which com-
monly form networks connected to the neighbouring
macroscopic sulfide laminates.

In PDP2c, above the bedded barite is a 55 cm thick
sequence that is absent in drill core PDP2b. This consists
from bottom to top of a hydrothermally-altered vol-
canoclastic conglomerate (95.0–94.7 m) with rounded
clasts of barite and pyrite laminates, a 10 cm thick layer
of finely laminated sulfides possibly replacing bedded
carbonate (94.7–94.6 cm), a 15 cm thick bed of well
sorted, fine-grained felsic volcaniclastic sandstone and a
2 cm thick unit of flat pebble conglomerate composed of
curved tabular clasts of bedded felsic ash, now altered to
silica and white mica (Fig. 6f).

Variably silicified bedded carbonates overly the fel-

sic volcaniclastic unit in drill core PDP2c and lie
directly on the bedded barite in drill core PDP2b.
The mineralogy of the bedded carbonate consists
of a mixture of ankerite, siderite and calcite, fine-

e niveaux de jaspe (riches en oxydes de fer; échantillon 84.1; carotte
arbonée (indiquées par une flêche) préservée dans le cœur de cristaux
échantillon 84.1b; carotte PDP2b). c-d) Niveau de carbonate silicifié
euse (échantillon 93,4 ; carotte PDP2C). e) Hématite secondaire se
arotte PDP2b). f) Hématite primaire probable coexistant avec de la
.5c, carotte PDP2c). Tous les échantillons ont une section de 5 cm.
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grained silica, pyrite ± carbonaceous material and
hematite. Millimetre-to centimetre-scale bedding is
well-developed throughout the unit, defined by slight
changes in texture and the amount of silica, pyrite, car-
bonaceous material and hematite (Fig. 7a, c). Although
absent in the lower part of the bedded carbonates, the
abundance of hematite increases progressively from
84.6 to 84.1 m in PDP2b and from 92.9 to 92.6 m in
PDP2c, to become a dominant component of the upper-
most 10–30 cm of the drill core (PDP2b, 84.1–84.0 m;
PDP2c, 92.6–92.3 m). At several points within the car-
bonate/jasper beds, there has been a clear infiltration
of secondary hydrothermal fluid flow. Hydrothermally-
derived silica varies in proportion across the unit, but
locally accounts for up to 80% of the rock, where it
has replaced the original micritic carbonate and resulted
in recrystallization of the micritic primary carbonate to
zoned ankerite rhombs with characteristic dusky cores
and clear rims. In these layers, it is important to note
that recrystallization has also affected the carbonaceous
material, which appears remobilized in the replaced
matrix (Fig. 7d). This contrasts with the occurrence of
micron-thick wavy carbonaceous laminae preserved in
the core of large euhedral ankerite crystals in one sam-
ple of drill core PDP2b (84.1b; Fig. 7b). In this layer,
although the ankerite crystals and carbonaceous lam-
ina are rotated relative to the general bedding plane, the
overall trend of the carbonaceous laminate inclusions
remains subparallel to the sedimentary bedding. These
carbonaceous structures can be interpreted as sub-mm
sedimentary layering, potentially the remnants of shal-
low marine microbial mats preserved in the micritic part
of the carbonate rhombs. This morphology is distinc-
tively different from the carbonaceous matter that occurs
in adjacent silicified carbonate layers and deeper-seated
hydrothermal chert feeder veins. Carbonaceous matter
in these rocks appears as dispersed fluffy ‘clots’ remo-
bilized by fluid infiltration without any indication of
sedimentary layering (Fig. 7d). Finally, in some of the
bedded carbonate samples (e.g. PDP2b sample 84.7),
hematite clearly occurs as a secondary pseudomorph
of primary ankerite crystals (Fig. 7e). However, not
all of the hematite in these sediments is clearly sec-
ondary. In several samples (92.5c of PDP2c and 84.6
of PDP2b), some euhedral ankerite crystals contain
sub-micron size hematite crystals together with car-
bonaceous matter (Fig. 7f). This hematite is possibly
a primary feature, and was not obviously introduced

during later infiltration by oxidized hydrothermal or
meteoric waters. Combined carbon and iron stable iso-
tope analysis led to the interpretation that the primary
hematite and associated organic material may repre-
vol 8 (2009) 649–663

sent relict activity of anoxygenic photosynthesizers
[66].

The upper part of drill core PDP2c (69.3-92.3 m)
is composed of amygdaloidal pillow basalt with
abundant interpillow hyaloclastite breccia. The mineral
assemblage of this unit is a fine-grained mixture of Fe-
rich chlorite-carbonate-pyrite ± rutile ± microquartz.
Amygdales are filled by a rim of microquartz and a core
of coarse-grained carbonate.

4. Discussion

Continuous drill cores of key Archean localities
provide a great source of material for performing
geologically-relevant integrated studies on a large num-
ber of unweathered samples. Multiple investigations
of the morphology, texture, chemistry, isotopes and
present-day microbial diversity have been performed
on drill core samples from the Tumbiana and Dresser
Formations by different groups in recent years. These
include:

1) reconstruction of the environmental conditions per-
taining to the development of microbial ecosystems
combining field, petrographical and U-Pb and Sm-Nd
dating [47,64];

2) integrated carbon (12C, 13C), nitrogen (14N, 15N),
iron (54Fe, 56Fe) and multiple sulfur (32S, 33S, 34S,
36S) isotope studies of the different lithologies form-
ing the Tumbiana and Dresser drill cores [51,66];

3) integrated neon isotopic, 36Ar and 40Ar, 84Kr, 129Xe,
132Xe and 136Xe analysis of bulk inclusion fluids
extracted from hydrothermally-altered pillow basalts
and komatiites [39];

4) in situ high-resolution microanalyses of the structure
and chemical composition of carbonaceous mate-
rial from single fossil-like objects or fluid inclusions
using state-of-the-art analytical techniques such as
scanning and transmission electron microscopy, con-
focal laser microscopy, laser Raman spectroscopy,
synchrotron transmission X-ray microscopy and syn-
chrotron X-ray microfluorescence [15,28,29];

5) in situ high-resolution microanalysis of the sulfur
(32S, 33S, 34S) stable isotopic composition of sulfide
and sulfate using SIMS [37,38];

6) probing the Tumbiana drill core samples for the
presence of living indigenous microorganisms using
molecular methods based on the amplification of

small ribosomal RNA genes [17].

An important issue affecting most, if not all, Archean
geobiological studies concerns the extrapolation of
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lobal conditions from local measurements that could
epresent unusual settings or episodes. For instance,
hilippot et al. [37] proposed that the 34S-depleted
icroscopic sulfides lining barite overgrowth zones of

he ∼3.5 Ga Dresser Formation at North Pole were
ot formed by sulfate reducers [47], but rather by

icroorganisms that used elemental sulfur as an electron

cceptor. Considering that disproportionation of elemen-
al sulfur produces sulfate according to the reaction:

S0 + 4H2O → 3H2S + SO4
2− + 2H+

ig. 8. Preliminary stratigraphic log of the base of the Fig Tree Group,
outh Africa (Barberton Barite Drilling Project, BBDP).
ig. 8. Log tratigraphique préliminaire de la base du groupe de Fig Tree,
oramtion de Mapeepe, Afrique du Sud (Barberton Barite Drilling
roject, BBDP).
vol 8 (2009) 649–663 661

these two metabolic processes are not mutually exclu-
sive, however, and so could have coexisted at the time
of sulfide formation. Nevertheless, the range of �34S
values reported for the microscopic sulfides at North
Pole is unique for Early Archean sedimentary rocks and
therefore raises questions concerning how widespread
the proposed sulfur-based metabolisms really were at a
global scale, over longer time periods [2,37,47].

In order to address this issue, a new drill hole
was completed in August 2008 through the base of
the 3.25 Ga Fig Tree Group of the Barberton Green-
stone Belt, South Africa. The sequence investigated
is part of the Mapepe Formation at the so-called
“barite syncline” locality. The Mapepe Formation con-
sists of a variety of lithofacies, including chert clast
conglomerate, micaceous and carbonate-cemented sand-
stone, green and grey chert, and jasper and barite
layers [23,33]. This stratigraphic succession of chemical
and clastic sedimentary rocks overlies highly-silicified
hydrothermally-altered carbonaceous chert and komati-
ites [23]. The Mapepe Formation was deposited in a
variety of sedimentary environments, ranging from deep-
to shallow-water, fan delta and alluvial environments
[33]. Zircon dates range from 3.26 to 3.23 Ga [26].

The goal of this drilling operation was to obtain a
representative sequence of the hydrothermally-altered
komatiites, black cherts, jasper deposits, and bedded
barite. A preliminary stratigraphic log of the drill core
is shown in Fig. 8. This sequence of ultramafic rocks
and chemical sediments represents a conspicuous assem-
blage of rock types that is typically seen in Early Archean
hydrothermal settings and which closely resembles the
stratigraphic assemblage of the 3.5 Ga Dresser Forma-
tion. Detailed petrographic and geochemical studies of
the drill core from this unit can therefore potentially
greatly expand our insight into Early Archean environ-
ments and associated sulfur-based microbial life.

Acknowledgements

We thank Purificación Lopez-Garcia, David Mor-
eira and Yuheng Wang for assistance during the Pilbara
Drilling Project (PDP) and Nicola Mc Loughlin and
Harald Furnes for scientific cooperation during the Bar-
berton Barite Drilling Project (BBDP). Both drilling
campaigns were supported by funds from the Institut
de Physique du Globe de Paris, the Institut des Sciences

de l’Univers and the Centre National de la Recherche
Scientifique. Special thanks to the Geological Survey of
Western Australia for continuous support while perform-
ing the PDP project. The BBDP project was performed



R. Pale

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

662 P. Philippot et al. / C.

as part of the !Khure Africa project led by Vincent Cour-
tillot of IPGP and Maarten de Wit of the Africa Earth
Observatory Network (AEON) at the University of Cape
Town. This is IPGP contribution no 2472.

References

[1] S.M. Awramik, J.W. Schopf, M.R. Walter, Filamentous fossil bac-
teria from the Archean of western Australia, Precambr. Res. 20
(1983) 357–374.

[2] H. Bao, D. Rumble III, D.R. Lowe, The five stable isotope compo-
sitions of Fig Tree barites: Implications on sulfur cycle in ca. 3.2
Ga oceans, Geochim. Cosmochim. Acta 71 (2007) 4868–4879.

[3] T.S. Blake, R. Buick, S.J.A. Brown, M.E. Barley, Geochronology
of a Late Archaean flood basalt province in the Pilbara Craton,
Australia: constraints on basin evolution, volcanic and sedimen-
tary accumulation, and continental drift rates, Precambr. Res. 133
(2004) 143–173.

[4] R. Bolhar, M.J. Van Kranendonk, A non-marine depositional set-
ting for the northern Fortescue Group, Pilbara Craton, inferred
from trace element geochemistry of stromatolitic carbonates, Pre-
cambr. Res. 155 (2007) 229–250.

[5] M. Brasier, O.R. Green, A.P. Jephcoat, A. Kleppe, M.J. Van
Kranendonk, J.F. Lindsay, A. Steele, N.V. Grassineau, Question-
ing the evidence for Earth’s oldest fossils, Nature 416 (2002)
76–81.

[6] J.J. Brocks, R. Buick, R.E. Summons, G.A. Logan, A reconstruc-
tion of Archean biological diversity based on molecular fossils
from the 2.78 to 2.45 billion-year-old Mount Bruce Supergroup,
Hamersley Basin, Western Australia, Geochim. Cosmochim.
Acta 67 (2003) 4321–4335.

[7] R. Buick, Carbonaceous filaments from North Pole,western Aus-
tralia: are they fossil bacteria in Archean stromatolites? Precambr.
Res. 24 (1984) 157–172.

[8] R. Buick, Microfossil recognition in Archean rocks; an appraisal
of spheroids and filaments from a 3500 m.y. old chert-barite
unit at North Pole, western Australia, Palaios 5 (1990)
441–459.

[9] R. Buick, The antiquity of oxygenic photosynthesis: evidence
from stromatolites in sulphate-deficient Archaean lakes, Science
225 (1992) 74–77.

10] R. Buick, J.S.R. Dunlop, Evaporitic sediments of Early Archaean
age from the Warrawoona Group, North Pole, western Australia,
Sedimentology 37 (1990) 247–277.

11] R. Buick, J.S.R. Dunlop, D.I. Groves, Stromatolite recognition
in ancient rocks: an appraisal of irregularly laminated structures
in an Early Archaean chert-barite unit from North Pole, western
Australia, Alcheringa 5 (1981) 161–181.

12] M.J. de Wit, R. Hart, A. Martin, P. Abbott, Archean abiogenic
and probable biogenic structures associated with mineralized
hydrothermal vent systems and regional metasomatism, with
implications for greenstone belt studies, Econ. Geol. 77 (1982)
1783–1802.

13] K.C. Duchac, J.S. Hanor, Origin and timing of the metasomatic
silicification of an Early Archean komatiite sequence, Barberton
Mountain Land, South Africa, Precambr. Res. 37 (1987) 125–146.
14] J.S.R. Dunlop, Shallow-water sedimentation at North Pole, Pil-
bara Block, western Australia, Univ. W. Aust., Geol. Dept. &
University Extension, Publ. 2 (1978) 30–38.

15] J. Foriel, P. Philippot, P. Rey, A. Somogyi, D. Banks, B. Ménez,
Biological control of Cl/Br and low sulfate concentration in a

[

vol 8 (2009) 649–663

3.5-Gyr-old seawater from North Pole, western Australia, Earth
Planet. Sci. Lett. 228 (2004) 451–463.

16] J.M. Garcia-Ruiz, S.T. Hyde, A.M. Carnerup, M.J. Van Kranen-
donk, N.J. Welham, Self-assembled silica-carbonate structures
and detection of ancient microfossils, Science 302 (2003)
1194–1197.

17] E. Gérard, D. Moreira, P. Philippot, M.J. Van Kranendonk, P.
Lopez-Garcia, Modern Subsurface Bacteria in Pristine 2.7 Ga-
Old Fossil Stromatolite Drillcore Samples from the Fortescue
Group, western Australia, PLoS ONE 4 (2009) e5298.

18] J.P. Grotzinger, D.H. Rothman, An abiotic model for stromatolite
morphogenesis, Nature 383 (1996) 423–425.

19] D.I. Groves, J.S.R. Dunlop, R. Buick, An early habitat of life,
Scientific American 245 (1981) 64–73.

20] J.M. Hayes, I.R. Kaplan, W. Wedeking, Precambrian organic
geochemistry, preservation of the record, in: J.W. Schopf (Ed.),
Earth’s earliest biosphere, its origin and evolution, Princeton Uni-
versity Press, Princeton, NJ, 1983, pp. 93–134.

21] A.H. Hickman, Geology of the Pilbara block and its environs, Bul-
letin 127, Geological Survey of Western Australia, Perth (1983)
267.

22] K.U. Hinrichs, Microbial fixation of methane carbon at 2.7 Ga:
Was an anaerobic mechanism possible? Geochem. Geophys.
Geosys. 3 (2002), doi:10.1029/2001GC000286.

23] A. Hofmann, The geochemistry of sedimentary rocks from the Fig
Tree Group, Barberton greenstone belt: Implications for tectonic,
hydrothermal and surface processes during mid-Archaean times,
Precambr. Res. 143 (2005) 23–49.

24] K. Kitajima, S. Maruyama, t.S., J.G. Liou, Seafloor hydrothermal
alteration at an Archaean mid-ocean ridge, Journal of Metamor-
phic Geology 19 (2001) 581–97.

25] L.P. Knauth, D.R. Lowe, High Archaean climatic temperature
inferred from oxygen isotope geochemistry of cherts in the 3.5
Ga Swaziland Supergroup, South Africa, GSA bulletin 115 (2003)
566–580.

26] A. Kröner, G.R. Byerly, D.R. Lowe, Chronology of Early
Archaean granite-greenstone evolution in the Barberton Moun-
tain Land, South Africa, based on precise dating by single
zircon evaporation, Earth Planet. Sci. Lett. 103 (1991)
41–54.

27] I.B. Lambert, T.H. Donnelly, J.S.R. Dunlop, D.I. Groves, Sta-
ble isotope compositions of Early Archaean sulphate deposit of
probable evaporite and volcanogenic origins, Nature 276 (1978)
808–810.

28] K. Lepot, K. Benzerara, G.E. Brown, P. Philippot, Microbially
influenced formation of 2.724-million-year-old stromatolites,
Nat. Geosci. 1 (2008) 118–121.

29] K. Lepot, K. Benzerara, G.E. Brown, P. Philippot, Organic matter
heterogeneities in 2.72 Ga stromatolites: alteration versus preser-
vation by sulphur incorporation, Geochim. Cosmochim. Acta. 73
(2009) 6579–6599, doi:10.1016/j.gca.2009.08.014.

30] J.F. Lindsay, M.D. Brasier, N. McLoughlin, O.R. Green, M. Fogel,
A. Steele, S.A. Mertzman, The problem of deep carbon - An
Archean paradox, Precambr. Res. 143 (2005) 1–22.

31] D.R. Lowe, Abiological origin of described stromatolites older
than 3.2 Ga, Geology 22 (1994) 387–390.

32] D.R. Lowe, G.R. Byerly, Archean flow-top alteration zones

formed initially in a low-temperature sulphate-rich environment,
Nature 324 (1986) 245–248.

33] D.R. Lowe, G.R. Byerly, Geologic Evolution of the Barberton
Greenstone Belt, South Africa, The Geological Society of Amer-
ica, Boulder, Colorado, 1999.



R. Pale

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

P. Philippot et al. / C.

34] S.J. Mojzsis, G. Arrhenius, K.D. McKeegan, T.M. Harrison, A.P.
Nutman, C.R.L. Friend, Evidence for life on Earth before 3,800
million years ago, Nature 384 (1996) 55–59.

35] W. Nijman, K.C.H. De Bruijne, M.E. Valkering, Growth fault
control of Early Archaean cherts, barite mounds and chert-barite
veins, North Pole Dome, eastern Pilbara, western Australia, Pre-
cambr. Res. 88 (1998) 25–52.

36] I. Paris, I.G. Stanistreet, M.J. Hughes, Cherts of the Barberton
Greenstone Belt interpreted as products submarine exhalative
activity, J. Geology 93 (1985) 111–129.

37] P. Philippot, M. van Zuilen, K. Lepot, C. Thomazo, J. Far-
quhar, M. van Kranendonk, Early Archean microorganisms
preferred elemental sulfur, not sulfate, Science 317 (2007)
1534–1535.

38] P. Philippot, M. van Zuilen, K. Lepot, C. Thomazo, J. Farquhar,
M. van Kranendonk, Response to Comment on “Early Archaean
Microorganisms Preferred Elemental Sulfur, Not Sulfate”, Sci-
ence Downloaded from www.sciencemag.org on March 7, 2008
(2008).

39] M. Pujol, B. Marty, J. Cauzid, P. Philippot, In search of the
Archaean atmosphere in fluid inclusions trapped in 3.52 Ga quartz
(Pilbara Drilling Project), Geochim. Cosmochim. Acta 72, Gold-
schmidt Conference, Vancouver, 2008, p. A766.

40] S.E. Rashby, A.L. Sessions, R.E. Summons, D.K. Newman,
Biosynthesis of 2-methylbacteriohopanepolyols by an anoxy-
genic phototroph, in: Proceedings of the National Academy of
Sciences (US) 104, 2007, pp. 15099–15104.

41] B. Rasmussen, I.R. Fletcher, J.J. Brocks, M.R. Kilburn, Reassess-
ing the first appearance of eukaryotes and cyanobacteria, Nature
455 (2008) 1101–1104.

42] R. Sakurai, M. Ito, Y. Ueno, K. Kitajima, S. Maruyama,
Facies architecture and sequence-stratigraphic features of the
Tumbiana Formation in the Pilbara Craton, northwestern Aus-
tralia: Implications for depositional environments of oxygenic
stromatolites during the Late Archean, Precambr. Res. 138 (2005)
255–273.

43] J.W. Schopf, Earth’s Earliest Biosphere, Its Origin and Evolution,
Princeton University Press, Princeton, New Jersey, 1983.

44] J.W. Schopf, Microfossils of the Early Archean Apex Chert: new
evidence of the antiquity of life, Science 260 (1993) 640–646.

45] J.W. Schopf, M.R. Walter, Archean microfossils: new evidence
of ancient microbes, in: J.W. Schopf (Ed.), Earth’s Earliest Bio-
sphere (1983).

46] J.W. Schopf, A. Kudryavtsev, D.G. Agresti, T.J. Wdowiak, A.D.
Czaja, Laser-Raman imagery of Earth’s earliest fossils, Nature
416 (2002) 73–76.

47] Y. Shen, R. Buick, D.E. Canfield, Isotopic evidence for microbial
sulphate reduction in the Early Archaean era, Nature 410 (2001)
77–81.

48] M. Terabayashi, Y. Masadab, H. Ozawa, Archean ocean-floor
metamorphism in the North-Pole area, Pilbara Craton, western
Australia, Precambr. Res. 127 (2003) 167–180.

49] S.G. Tessalina, P. Philippot, M. Van Kranendonk, J.L. Birck, Iso-
topic record of Hadean crust in western Australia, in: Geochim.
Cosmochim. Acta (2007). 71, Goldschmidt Conference, Mel-
bourne, 2007, p. A562.

50] M. Thiry, A.R. Milnes, R. Véronique, R. Simon-Coinçon, Inter-
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