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The Pilbara Craton in Western Australia contains the best-preserved and most complete record of Archean
rocks in the world. As such, they are some of the most studied rocks in the world; paleontologists, isotopic
geochemists, geologists and geobiologists have all investigated these rocks for clues about the early biosphere
and atmosphere. Here we show using high-resolution transmission electron microscopy that the carbona-
ceous material found in the Apex chert, and potentially in other associated units, was formed by multiple pro-
cesses such as abiotic catalytic synthesis and/or biological synthesis. We use these data as well as the
geological history of the craton to demonstrate that when the rocks of the Pilbara Craton experienced a
high degree of post-depositional hydrothermal alteration, carbonaceous material could have been
remobilized and redeposited. As the carbonaceous material within the Apex chert samples was formed
over nearly a billion years, bulk chemistry, even at the micron level, will be unable to unambiguously delin-
eate the presence of life in these ancient rocks, although nanoscale observations may provide a way forward
in the search for ancient life.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Pilbara Craton of Western Australia contains supracrustal green-
stone successions dated from 3660 Ma to 2830 Ma (Hickman, 2010;
Brasier et al., 2011) unconformably overlain by 2800–2400 Ma volcano-
sedimentary successions (Rasmussen et al., 2005a) (Fig. 1). The Marble
Bar greenstone belt, located in the northeast of the craton, is part of the
3530–3170 Ma East Pilbara Terrane and is primarily composed of the
3525 Ma–3427 Ma Warrawoona Group (Van Kranendonk et al., 2007).
Foundwithin the upper part of theWarrawoonaGroup is the Apex Basalt
which contains the stratiform chert layer informally referred to as the
Apex chert (Brasier et al., 2011) (Fig. 1). The Apex chert has been the cen-
ter of many debates about whether these rocks, and by extension, other
Early Archean rocks, contain unambiguous evidence of an early biosphere
(Schopf and Packer, 1987; Schopf, 1993; Brasier et al., 2002; De Gregorio
et al., 2009; Pinti et al., 2009; Brasier et al., 2011; Marshall et al., 2011;
Olcott Marshall et al., 2012; Schopf and Kudryavtsev, 2012; Olcott
Marshall and Marshall, 2013; Pinti et al., 2013; Schopf and Kudryavtsev,
2013). Originally, these rocks were described to contain cyanobacterial
microfossils (Schopf andPacker, 1987; Schopf, 1993), although later stud-
ies have described these features as having a morphology (Brasier et al.,
2002, 2011) and mineralogy (Marshall et al., 2011) inconsistent with
ssociation for Gondwana Research.
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life. Furthermore, researchers have since discovered that these micro-
structures were not collected from the stratiform sedimentary chert, but
rather from a synsedimentary hydrothermal fracture-fill vein (Van
Kranendonk et al., 2007; Brasier et al., 2011) (Fig. 2). In addition to the
controversialmicrostructures described from this vein (hereafter referred
to as the Apex chert vein, or ACV), these rocks contain carbonaceous ma-
terial (CM) of unknown origin. Some have described this CM as being of
abiotic catalytic origin, similar to Fischer–Tropsch-type synthesis
(Brasier et al., 2002, 2011), and other researchers have used Raman spec-
troscopy (Schopf et al., 2002) and synchrotron radiation-based spectros-
copy (De Gregorio et al., 2009) to characterize this CM as biogenic in
origin. Although Raman spectroscopy is definitively not sufficient in and
of itself to determine the source of CM, including whether it is biogenic
(Pasteris and Wopenka, 2002, 2003; Marshall et al., 2010), we recently
used Raman spectroscopy in a paragenetic framework to demonstrate
that the CM from the ACV is from at least two separate populations
(Olcott Marshall et al., 2012). The uncertainty about the source of the
CM is not unique to this locality; Early Archean CM has been analyzed
with many techniques, including stable isotopic measurements, Raman
spectroscopy, hydrogen-pyrolysis gas chromatography/mass spectrome-
try, nuclearmagnetic resonance spectroscopy, Fourier-transform infrared
spectroscopy, electron energy loss spectroscopy, and X-ray absorption
near-edge spectroscopy, but none of the data have unambiguously delin-
eated any Archean CM as of biological origin (seeMarshall et al., 2007 for
further discussion).
Published by Elsevier B.V. All rights reserved.
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Fig. 1. Generalized stratigraphic column through the Archean and Proterozoic of the
Pilbara Craton indicating potential sources of carbonaceous material (CM) found in
the Apex chert vein (ACV). Column on the left shows major units through the Pilbara;
each group is separated by an unconformity. Date marks approximate location of the
Ophthalmian Orogeny. Column on the right shows Warrawoona Group in more detail;
gray line in Apex Basalt indicates stratigraphic position of the Apex chert. Each letter
marks the stratigraphic range over which each population of CM found in the ACV
could have been formed. Stratigraphic column modified from Rasmussen et al.
(2005a) and Brasier et al. (2011).
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Here we show using high-resolution transmission electron micros-
copy (HRTEM) that the CM found in the ACV exhibits at least four differ-
ent microtextures which could be related to processes such as abiotic
catalytic synthesis, meteoritic input, and biological synthesis (Figs. 3,
4). Insoluble CM, or kerogen,was once thought of as being relatively im-
mobile, and thus, barring erosion and redeposition, syngenetic with the
rocks in which it is found (Peters et al., 1977). However, more recent
Fig. 2. Simplified geological map of the Apex chert in the Chinaman Creek Area of Western A
veins that touch, but do not intersect, the Apex chert. White arrows point to representative
Modified from Brasier et al. (2011) and Olcott Marshall et al. (2012).
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analyses have revealed that CM can be remobilized in hydrothermal
fluids and then redeposited in older or younger rock units (Wright et
al., 2010; Papineau et al., 2011). CM does not experience retrograde
metamorphism, but instead records its thermodynamically most stable
confirmation, which is often related to the highest temperature it has
experienced (Pasteris and Wopenka, 1991; Wopenka and Pasteris,
1993; Beyssac et al., 2002a). Thus, the presence of four populations of
CM in the ACV indicates that the CM had to have been deposited at dif-
ferent times. The different populations of CM revealed by HRTEM anal-
ysis can be combined with the geological history of the area to
determine the order in which the CM was introduced to the ACV, re-
vealing over a billion years of fluid mixing and redeposition.
2. Materials and methods

In 2006, under the guidance of Drs. MalcolmWalter and Martin Van
Kranendonk, samples were collected from the main Apex chert dike
during the Geological Society of Western Australia Pilbara fieldtrip
(Fig. 2) (Marshall et al., 2011; Olcott Marshall et al., 2012). The samples
were collected approximately every 10 m up the outcrop, including at
the original microfossil locality.

The isolation of the CM in all of the samples was undertaken by the
standard hydrofluoric/hydrochloric (HF/HCl) digestion procedure
outlined in Marshall et al. (2007). The weathering surfaces (rinds) of
the rock samples were removed by rock saw and the internal surfaces
of the rock samples were cleanedwith dichloromethane to remove pos-
sible contamination introduced during sample collection and sawing.
Rock samples were ground to b200 mesh grain size and extracted
using Soxhlet apparatus in ultra-high purity dichloromethane for 72 h.
The isolation of kerogen was conducted by the standard hydrofluoric
acid/hydrochloric acid (HF/HCl) extraction procedure (Durand, 1980).
Further treatment of the isolated kerogens involved ultrasonic extrac-
tion with dichloromethane (×3), then with n-hexane (×3). To remove
any residual trapped bitumen, the carbonaceous material was swelled
twice by ultrasonication in pyridine at 80 °C for 2 h. The pyridine was
removed by centrifugation and the kerogen concentrate was further
extracted with methanol and then finally with dichloromethane (×3).
ustralia, with detailed map showing the sample collection area. Note system of growth
examples of these growth veins.
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Fig. 3. High-resolution transmission electron microscopy (HRTEM) micrograph of two of
the populations of carbonaceous material (CM) found in a fracture vein near the Apex
chert. (A) A representative view of the CM of population A, which contains short, essen-
tially isolated basic structural units (BSUs), representative examples ofwhich are outlined
in yellow. (B) A representative view of population B, which contains BSUs that have coa-
lesced to form molecular orientation domains (MOD) of limited dimension. Three repre-
sentative MOD are denoted by yellow boxes, and representative BSUs in one domain are
outlined in yellow. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. High-resolution transmission electron microscopy (HRTEM) micrograph of two of t
chert. (A) A representative view of the CM of population C which contains carbon onion-like
enclosed within larger particles. (B) A magnified view of population C, revealing that the wal
of population D, which, although is superficially similar to population C, is meso- to macro
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TEM JEOL 2011 microscope at the University of Paris VI, France was
used to examine the kerogens isolated from the samples (Pre et al.,
2012). The beam energy used was 200 kV and the microscope is
equipped with an EDS system (PGT system IMIX-PC Si(Li) diode) and
a CCD camera (GATAN system ORIUS SC100, 4008). Magnifications in
the range 400–800 k× were necessary to resolve the lattice fringes of
graphite (d002 = 0.34 nm) and disordered carbon (d002 > 0.35 nm).
The sample powders were suspended in alcohol and a droplet was
deposited on a lacey carbon film of a Cu TEM grid. All the high-
resolution photomicrographs of disordered carbons were obtained on
particle edges located above the holes of the carbon film to avoid confu-
sion between the quasi-amorphous carbon from the supporting film
and the carbon from the sample.

3. Results

HRTEM allows atomic-scale imaging of the crystallographic struc-
ture of a sample; the lattice fringe micrograph is a phase-contrast mi-
crograph in which the dark lines correspond to the profile of
polyaromatic (graphene) layers (Buseck et al., 1988). At an atomic
level, the planes of carbon in different types of CM have characteristic
arrangements, called microtextures, and thus are distinguishable by
HRTEM. For instance, in HRTEM micrographs of graphite, the lattice
fringes are parallel and separated by 0.335 nm (Buseck et al., 1988;
Oberlin, 1989; Le Guillou et al., 2012). The fact that CM from different
sources produces different lattice fringe micrographs means that
HRTEM, unlike Raman spectroscopy (Pasteris and Wopenka, 2002,
2003; Marshall et al., 2010) can be used to delineate the source of CM.

In the ACV, HRTEM reveals at least four different populations of
CM distributed throughout the samples (Figs. 3, 4). Population A
has a high degree of microtextural homogeneity, containing short, es-
sentially isolated nanometer-sized basic structural units (BSUs)
(Fig. 3A) (Table 1). Although this microtexture has been described
in activated carbons derived from plant material (Pre et al., 2012), it
is also characteristic of biogenic carbon of low thermal maturity,
prehnite–pumpellyite zone or lower (Jehlička et al., 2003). Population
B still contains BSUs but they are no longer isolated, and have instead
coalesced to molecular orientation domains (MOD; volumes inside
which BSU are oriented in parallel (Oberlin, 1989)) of limited dimen-
sion (about 10–20 nm) (Fig. 3B) (Table 1). Moreover, this population
he populations of carbonaceous material (CM) found in a fracture vein near the Apex
particles with diameters varying between 2 and 40 nm with smaller circular particles

ls of the particles are composed of about 8–18 straight planes. (C) A representative view
porous, with concentric structures of polyaromatic layers smaller than 10 nm.
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Table 1
Possible sources and ages of isolated carbonaceous material.

Population
of CM

Microtexture revealed
by HRTEM

Possible sources of
this CM in the ACV

Age range

A Short, essentially
isolated
nanometer-sized
basic
structural units
(BSUs)

Biogenic carbon of
low thermal maturity
(prehnite–pumpellyite
facies)

2830–2145 Ma

B BSUs coalesced to
molecular orientation
domains (MOD)

Biogenic carbon of
high thermal maturity
(greenschist facies)

3660–2830 Ma

C Carbon nanoparticles
with an onion-like
(2–40 nm diameter)

Abiotic catalytic
carbon

~3450 Ma

D Meso- to
macroporous
carbon nanoparticles
with concentric
structures smaller
than 10 nm

Meteoritic carbon 3470 Ma,
2630 Ma,
2560–2500
Ma or
2500–2480 Ma
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shows a noticeable structural improvement: the layers can reach
5 nm, usually attributed to a higher degree of thermal maturity,
than population A. This degree of structural order is consistent with
greenschist facies metamorphosed biogenic CM (Buseck et al., 1988;
Beyssac et al., 2002b).

Population C contains partially graphitized carbon nanoparticles
with an onion-like microtexture. These carbon onions have diameters
of 2–40 nm (Fig. 4A). The walls of the particles are composed of 8–18
straight parallel planes (Fig. 4B), resulting in a noticeable degree of
graphitization (Oberlin, 1989) (Table 1). The CM of this population is
structurally very similar to heat-treated soot or carbon blacks
(Oberlin, 1989). Such hollow carbon onions have also been produced
by hydrocarbon decomposition, catalytically assisted or not. For in-
stance, morphologically similar nanoparticles were synthesized by
chemical vapor decomposition of methane in the presence of cobalt
(Zhong et al., 2000) and nickel and aluminum (He et al., 2006) in silica
oxide rich environments at temperatures of ca. 600 °C, conditions sim-
ilar to those observed in natural hydrothermal systems. The CM in pop-
ulation D contains partially graphitized meso- to macroporous carbon
nanoparticles with an onion-like microtexture, with concentric struc-
tures of polyaromatic layers smaller than 10 nm (Fig. 4C) (Table 1).
This microtextural arrangement is characteristic of heat-treated and
partially graphitized carbon onions. This microtexture has been de-
scribed from algal CM isolated from high pressure (blueschist to
ecologite facies) metamorphic rocks (Beyssac et al., 2002a,b). Addition-
ally, a minor fraction of the CM isolated from meteorites contains this
microtextural arrangement (Garvie and Buseck, 2004; Le Guillou et al.,
2012; Piani et al., 2012).

4. Discussion

4.1. Syngenetic carbonaceous material

Population C, the CM structurally similar to CM synthesized at high
temperatures, is likely to been the first population deposited in the
ACV (Fig. 1) (Table 1). Although the controversial putative microfossils
were described as having been collected from a bedded sedimentary
chert layer, a thorough geological survey of the area has revealed that
the samples were collected from one of a series of intrusive upward-
thickening and bifurcating hydrothermal veins of carbonaceous silica
in a syndepositional growth fault through the Apex Basalt that intrude
into, but not through, the Apex chert (Van Kranendonk, 2006; Brasier
et al., 2011) (Fig. 2). Similar syndepositional hydrothermal-fill fracture
veins occur immediately beneath the other bedded stratiform chert de-
posits in the Apex Basalt and the stratigraphically lower Dresser
Please cite this article as: Olcott Marshall, A., et al., Multiple generation
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Formation (Van Kranendonk, 2006). Geochemical analyses indicate
that these structureswere generated in a steam-heated acid-sulfate sub-
marine caldera-type geothermal system (VanKranendonk, 2006). Addi-
tionally, the tops of theACV and other veins in the system aremarked by
signs of phreatomagmatic explosions caused by rising gas dissolved in
hot fluids from magma chambers mixing with the colder ambient
water (Van Kranendonk, 2006). These veins contain barite, alunite–
jarosite, trace amounts of native metals, including Fe, Ni, Cu, Zn, and
Sn, and Al- and K-rich phyllosilicates in hydrothermally altered feld-
spars, a mineral assemblage indicative of relatively high hydrothermal
temperatures of alteration (~250–350 °C) (Brasier et al., 2002; Van
Kranendonk, 2006). Thus, it is likely that the CM of population C was
formed by the hydrothermal processes associated with the filling of
the fracture veins (Fig. 2). Chemical vapor deposition, a common meth-
odology for synthesizing hollow carbon onions, involves vaporizing CH4

gases in oxygen-free atmospheres the presence of SiO2 and transition
metals, often Ni (Zhong et al., 2000; He et al., 2006). These conditions
could be comparable to hydrothermal silica: methane- and silica-rich
hydrothermal fluids containing transition metals degassing in
phreatomagmatic explosions (Van Kranendonk and Pirajno, 2004; Van
Kranendonk, 2006; Brasier et al., 2011). Not only are thesehydrothermal
fluids thought to be relatively of high temperature (Brasier et al., 2002;
Van Kranendonk, 2006), but studies of modern submarine volcanic sys-
tems have revealed that the temperatures of the volcanic gas, such as
what would be present at a phreatomagmatic explosion, are significant-
ly hotter than the associated hydrothermal fluids (Hedenquist et al.,
1993; Sano and Marty, 1995). Moreover, laboratory simulations have
been able to synthesize carbon onions under hydrothermal deposition
conditions, and carbon onions have been reported from other hydro-
thermal deposits (Calderon Moreno et al., 2000), unlike the products
of Fischer–Tropsch type synthesis, which have never been detected in
natural hydrothermal systems (Taran and Giggenbach, 2003), and
which do not contain carbon onions (Tan et al., 2010). Studies of hydro-
thermalmetamorphic fluids, similar to these, have discovered that a sig-
nificant quantity of CM can precipitate out of CO2 and CH4-rich fluids
(Pitcairn et al., 2005; Brasier et al., 2011).

4.2. Transported carbonaceous material

The three other populations of CMhave organizations, both structural
and microtextural, indicative of different metamorphic and formation
histories, which allow the determination of the relative timing of their
formation. Population B, the partially ordered biogenic CM, shows signs
of having been heated to greenschist facies metamorphism, thus it
must have been formed before 2830 Ma, as the Marble Bar greenstone
belt experienced repeated episodes of greenschist alteration from
3660 Ma to 2830 Ma (Van Kranendonk and Pirajno, 2004; Van
Kranendonk, 2006; Brasier et al., 2011). Thus, it is feasible that this CM
was deposited soon after the emplacement of the rock. Population A,
the poorly ordered biogenic CM, has only experienced prehnite–
pumpellyite grade alteration, so it must have been formed after the
greenschist metamorphism ended, but before the last episode of
prehnite–pumpellyite alteration, ca. 2145 Ma (Rasmussen et al., 2005a,
2008) (Fig. 1) (Table 1). Thus, as we previously hypothesized (Marshall
et al., 2011), some of the CM found in the quartz matrix of the ACV is
indicative of the presence of a biosphere, although one that is not neces-
sarily syngenetic with the timing of the emplacement of the rocks.

If the Pilbara Craton has only experienced regional, not contact,
metamorphism (Hickman, 2010), the CM of population D cannot be
of algal origin, and thus must be meteoritic. The timing of its forma-
tion is harder to pinpoint, as there is evidence for at least four differ-
ent impact events in the Pilbara Craton. An impact spherule bed dated
to 3470 ± 2 Ma (Byerly et al., 2002) has been found in the Mount
Ada Basalt (Hickman, 2010) and three impact spherule layers dating
to 2630 Ma, 2560–2500 Ma, and 2500–2480 Ma have been found in
the Hamersley Group (Rasmussen et al., 2005b) (Fig. 1). If this CM
s of carbonaceous material deposited in Apex chert by basin-scale
.doi.org/10.1016/j.gr.2013.04.006

http://dx.doi.org/10.1016/j.gr.2013.04.006


5A. Olcott Marshall et al. / Gondwana Research xxx (2013) xxx–xxx
is of algal, not meteoritic, origin, its age is harder to pinpoint, but its
origin is restricted to the same horizons as population A (Fig. 1)
(Table 1).

As the ACV samples contain CM potentially formed as many as
1500 my, and no fewer than 685 my, apart, there had to have been
substantial mixing and redeposition through time. Although it is pos-
sible that these populations of CM were deposited multiple times in
multiple fluid-flow events, all of the allochthonous CM could have
been deposited in the ACV during the ca. 2215–2145 Ma develop-
ment of the northward verging Ophthalmian fold-and-thrust belt,
which was accompanied by a large-scale hydrothermal fluid flow di-
rected through the fractures and veins of the Pilbara Craton from the
southern collisional zone (Rasmussen et al., 2005a). Evidence in the
craton for this fluid flow includes phosphates dated to ca. 2200 Ma
distributed over 100,000 km2 in Archean granite and greenstone
rocks independently dated to ca. 3200–2500 Ma, reset isotopic sys-
tematics in the Archean and Proterozoic rocks predating the orogeny,
paleomagnetic overprinting in both the Fortescue and Hamersley
Groups, and remobilized rare earth elements in banded iron forma-
tions (Rasmussen et al., 2005a) (Fig. 1) (Table 1). Such pervasive
fluid flow could have transported the CM from different ages around
the craton, resulting in redeposition in the ACV.

Very few HRTEM data of CM have been published from the Pilbara
Craton (Akai et al., 2006; Derenne et al., 2008; Glikson et al., 2008,
2011), thus it is difficult to test trace CM throughout the craton in a
systematic fashion. However, the HRTEM analyses that have been
done have found 2 different types of CM. The first is found in the
Dresser Formation (Derenne et al., 2008; Glikson et al., 2008, 2011)
and in the Marble Bar Chert (Akai et al., 2006), and described as bio-
genic in origin based on its molecular structure, resembles our popu-
lation B. The second was isolated from argillaceous black slate
horizons within the Apex Basalt, and revealed by HRTEM to be com-
posed of hollow nanospheres and multilayered nanotubes (Glikson
et al., 2011), which are morphologically similar to our population D.
However, this study presents no structural and chemical data that
prove that these features are carbons. The authors described the
Apex Basalt CM as similar to meteoritic CM, but dismissed the possi-
bility of an extraterrestrial origin for the CM, as the Archean impact
spherule bed is stratigraphically below the Apex Basalt (Glikson
et al., 2011). Again, such spherical and concentric nanoparticles
were also found in metamorphosed terrestrial algal kerogen
(Beyssac et al., 2002a,b) and such origin seems to us more credible.
However, research into the CM of the Phanerozoic Gardnos impact
has discovered that the CM associated with the impact is reactive
enough to be reworked and remobilized (Parnell and Lindgren,
2006), and studies of the 1.85 Ga Sudbury impact structure have dis-
covered that the CM associated with the impact has been remobilized
and deposited in younger sections located 1.5 km above the impact
(Wright et al., 2010).

5. Conclusions

Themultiple populations of CM foundwithin the ACV indicate that a
pervasive fluid flow transported and redeposited solid particles of CM,
introducing CM over a billion years younger than the host rock. As the
likely fluid flow event was the ca. 2145 Ma Ophthalmian Orogeny,
which affected the entire craton, these data also suggest that other sam-
ples in the Pilbara Craton are likely to contain remobilized allochtho-
nous CM. This observation could resolve the seeming dilemma of how
samples collected from the sedimentary stratiform cherts in the Strelley
Pool Chert, stratigraphically above the Apex Basalt, could have the same
carbon isotopic signature as samples collected from deepwithin hydro-
thermal dikes in the underlying Panorama Volcanic complex, and how
both had carbon isotopic fractionations consistent with that observed
in the Proterozoic biosphere (Lindsay et al., 2005), and could help ex-
plain the multiple populations of CM observed in the Strelley Poole
Please cite this article as: Olcott Marshall, A., et al., Multiple generation
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Chert (Lepot et al., 2013). In fact, due to the high degree of transport
through the craton, care should be taken when interpreting bulk chem-
ical data in samples from the Apex chert, as many chemical species can
be highly mobile in a hydrothermal system.
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