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Abstract

We present detailed petrographic surveys of apatite grains in association with carbonaceous material (CM) in two banded
iron formations (BIFs) from the Paleoproterozoic of Uruguay and Michigan for comparison with similar mineral associations
in the highly debated Akilia Quartz-pyroxene (Qp) rock. Petrographic and Raman spectroscopic surveys of these Paleopro-
terozoic BIFs show that apatite grains typically occur in bands parallel to bedding and are more often associated with CM
when concentrations of organic matter are high. Carbonaceous material in the Vichadero BIF from Uruguay is generally well-
crystallized graphite and occurs in concentrations around 0.01 wt% with an average d13Cgra value of �28.6 ± 4.4& (1r). In
this BIF, only about 5% of apatite grains are associated with graphite. In comparison, CM in the Bijiki BIF from Michigan is
also graphitic, but occurs in concentrations around 2.4 wt% with d13Cgra values around �24.0 ± 0.3& (1r). In the Bijiki BIF,
more than 78% of apatite grains are associated with CM. Given the geologic context and high levels of CM in the Bijiki BIF,
the significantly higher proportion of apatite grains associated with CM in this rock is interpreted to represent diagenetically
altered biomass and shows that such diagenetic mineral associations can survive metamorphism up to the amphibolite facies.

Isotope compositions of CM in muffled acidified whole-rock powders from the Akilia Qp rock have average d13Cgra values
of �17.5 ± 2.5& (1r), while d13Ccarb values in whole-rock powders average �4.0 ± 1.0& (1r). Carbon isotope compositions
of graphite associated with apatite and other minerals in the Akilia Qp rock were also measured with the NanoSIMS to have
similar ranges of d13Cgra values averaging �13.8 ± 5.6& (1r). The NanoSIMS was also used to semi-quantitatively map the
distributions of H, N, O, P, and S in graphite from the Akilia Qp rock, and relative abundances were found to be similar for
graphite associated with apatite or with hornblende, calcite, and sulfides. These analyses revealed generally lower abundances
of trace elements in the Akilia graphite compared to graphite associated with apatite from Paleoproterozoic BIFs.

Graphite associated with hornblende, calcite, and sulfides in the Akilia Qp rock was fluid-deposited at high-temperature
from carbon-bearing fluids, and since this graphite has similar ranges of d13Cgra values and of trace elements compared to
graphite associated with apatite, we conclude that the Akilia graphite in different mineral associations formed from the same
source(s) of CM. Collectively our results do not exclude a biogenic origin of the carbon in the Akilia graphite, but because
some observations can not exclude graphitization of abiogenic carbon from CO2- and CH4-bearing mantle fluids, there
remain ambiguities with respect to the exact origin of carbon in this ancient metasedimentary rock. Accordingly, there
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may have been several generations of graphite formation along with possibly varying mixtures of CO2- and CH4-bearing flu-
ids that may have resulted in large ranges of d13Cgra values. The possibility of fluid-deposited graphite associated with apatite
should be a focus of future investigations as this may prove to be an alternative pathway of graphitization from phosphate-
bearing fluids. Correlated micro-analytical approaches tested on terrestrial rocks in this work provide insights into the origin
of carbon in ancient graphite and will pave the way for the search for life on other ancient planetary surfaces.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Since the report of 13C-depleted graphite associated with
apatite in the >3.83 Ga Qp rock from the island of Akilia in
southern West Greenland (Mojzsis et al., 1996), this rock
has become symbolic of the challenges facing the recogni-
tion of the remains of early life on Earth. These mineral
associations were originally interpreted as evidence of the
emergence of life earlier than 3.83 Ga. This interpretation
has prompted an intense effort to study the Akilia
Quartz-pyroxene (Qp) rock, and resulted in conflicting
interpretations on its protolith, age, and the existence of
graphite associated with apatite. Major and minor minerals
of the Eoarchean Akilia Qp rock include quartz, heden-
bergite, ferrosilite, hornblende–grunerite, magnetite, pyr-
rhotite, chalcopyrite, and garnet, while accessory phases
include pentlandite, zircon, apatite, and calcite (Papineau
et al., 2010). Graphite is also present. The occurrence of
pyroxenes and amphiboles in this highly metamorphosed
ferruginous sedimentary rock is expected from high-tem-
perature reactions either between Fe-carbonate and quartz,
or between Fe-silicates or magnetite and quartz with meta-
somatic fluids (James, 1955; French, 1964, 1968, 1973;
Klein, 1973, 1978, 2005; Schreyer et al., 1978).

The original interpretation that the protolith of the Akil-
ia Qp rock is an iron formation that precipitated from sea-
water (McGregor and Mason, 1977; Mojzsis et al., 1996,
2003; Nutman et al., 1997; Friend et al., 2002; Mojzsis
and Harrison, 2002a,b; Dauphas et al., 2004, 2007; Man-
ning et al., 2006; Nutman and Friend, 2006; McKeegan
et al., 2007) has been countered by other groups who have
proposed that this rock formed from the metasomatic
replacement of an ultramafic protolith (Fedo and
Whitehouse, 2002a,b, 2007; Whitehouse and Fedo, 2003;
Bolhar et al., 2004; André et al., 2006; Fedo et al., 2006;
Whitehouse et al., 2009). Age constraints on the Qp rock
were initially determined to be >3.85 Ga (Nutman et al.,
1997), but this has also been debated (Sano et al., 1999;
Myers and Crowley, 2000; Whitehouse and Kamber,
2005). Depth profile analyses of single zircons from orthog-
neisses on Akilia have revealed evidence for several phases
of zircon growth at 3.83, 3.73, 3.65 and 2.66 Ga (Mojzsis
and Harrison, 2002; Manning et al., 2006). However, simi-
lar U–Pb age data from zircons in other orthogneisses on
Akilia were alternatively interpreted to indicate that
3.83 Ga zircons were inherited in a 3.62 Ga original tonalit-
ic melt that was subsequently metamorphosed around
2.7 Ga and again around 1.7 Ga (Whitehouse and Kamber,
2005; Whitehouse et al., 2009). Additional U–Pb analyses
on apatites have been used to argue that the age of these
minerals in the Akilia Qp rock is around 1.7 Ga (Sano
et al., 1999; Whitehouse et al., 2009), but this may also be
due to metamorphic re-equilibration around 1.7 Ga. While
the protolith and age constraints of the Akilia Qp rock are
still being debated, much work remains to be done to eluci-
date the pathways of carbon that led to graphite formation
in this rock.

Isotopically light carbon in graphite frequently associ-
ated with apatite from the Akilia Qp rock (Mojzsis et al.,
1996; McKeegan et al., 2007) has also been a source of de-
bate. Recent petrographic analyses of thin sections of the
Qp rock have failed to verify that apatite–graphite associa-
tions are common, including from the original sample G91-
26 (Lepland et al., 2005; Nutman and Friend, 2006). This
may have been partly due to the method of grain separation
used by some of these groups to find graphite associated
with apatite. Recently, detailed surveys of thin sections
from sample G91-26 by transmitted light microscopy at
200–400� magnification along with confocal Raman mic-
rospectroscopic imaging have demonstrated that these min-
eral associations are indeed frequent in the Akilia Qp rock
(Papineau et al., 2010). However, the presence of graphite
inclusions sensu stricto within apatite grains has not yet
been confirmed directly by scanning electron microscopy
(SEM), focused ion beam (FIB), or transmission electron
microscopy (TEM) (Papineau et al., 2010).

Because the carbon isotope composition of ancient car-
bonaceous material (CM) alone is not a robust indicator
of biogenecity in metasedimentary rocks (Horita, 2005),
possible abiogenic sources of carbon in graphite need to
be thoroughly investigated. Carbonaceous material associ-
ated with magnetite and carbonate from terrestrial and mar-
tian mantle rocks has been attributed to the decarbonation
of siderite or other abiogenic precursor phases formed from
CO2-rich mantle fluids (Steele et al., 2007). Metamorphic
fluids can produce or transport organic compounds synthe-
sized via abiotic synthesis reactions such as Fischer–Tropsch
type (FTT) reactions through the catalyzed reduction of
CO2, HCO3, or CO by H2 from fluid–rock interactions
(McCollom and Seewald, 2006). In addition, there is always
the possibility of later contamination and infiltration, but
this can usually be eliminated by Raman spectra of CM that
are consistent with the metamorphic grade of the host rock.
Therefore, graphite in the oldest metasedimentary rocks in
the geological record must be carefully evaluated in order
to constrain the possible origins of its carbon.

A related problem is to determine the origin of CM asso-
ciated with phosphatic minerals in highly metamorphosed
sedimentary rocks. Multiple criteria are necessary to ascer-
tain the pathways of carbon in graphite and correlated
micro-analytical techniques can provide valuable con-
straints. The residual presence of heteroatoms such as N,
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S, and P in CM from metasedimentary rocks may poten-
tially be indicative of a biological origin if abiogenic sources
of carbon can be excluded (De Gregorio et al., 2009). The
presence of phosphate minerals intimately associated with
CM may be another biosignature, although this also re-
mains to be demonstrated. These mineral associations
may form from the diagenetic maturation of CM because
phosphate is released from CM into interstitial pore water
during diagenesis, and can then react with calcium to pre-
cipitate as carbonate–fluorapatite (Van Cappellen and
Berner, 1988). Indeed, rocks rich in phosphate, such as
phosphorites, often contain relatively high amounts of bio-
genic CM commonly associated with carbonate–fluorapa-
tite (Papineau, 2010 and references therein).

To address this problem for CM associated with apatite in
the Eoarchean Akilia Qp rock, we used multiple micro-ana-
lytical techniques to characterize in situ its chemical and iso-
topic compositions. Geochemical datasets for graphite in its
petrographic context within the Akilia Qp rock are then di-
rectly compared to similar apatite associations with CM from
two Paleoproterozoic BIFs from Uruguay and Michigan
metamorphosed at the upper amphibolite and amphibolite
facies, respectively. Such comparisons with younger sedi-
mentary strata are necessary to establish a broader geologic
context for CM associated with apatite.

2. SAMPLE DESCRIPTIONS

Two samples of BIFs were selected for comparison with
the Akilia Qp rock. These were selected on the basis of sim-
ilarities in metamorphic grades with the Akilia Qp rock, the
presence of apatite grains associated with graphite, and
depositional ages at a time when life was flourishing. Their
different mineralogy illustrates that graphite associations
with apatite occur in a wide variety of iron formations.

2.1. Vichadero BIF – 050809/2 (Vichadero Formation,

Departamento de Rivera, Uruguay)

BIFs occur at several localities in the northeast of Uru-
guay. One notable occurrence is in the Zapucay Mineral
District and has characteristics similar to co-eval BIFs in
the nearby Quadrilatero Ferrı́fero in Brazil. The region con-
tains an extensive and relatively well-exposed Paleoprotero-
zoic supracrustal sequence (Vichadero Formation), which
strikes approximately NW–SE along the surrounding Ar-
chean basement. These rocks were intensively deformed
and metamorphosed during a Paleoproterozoic tectono-
thermal event between 2.1 and 1.7 Ga. This peak of regio-
nal metamorphism overprinted the sequence under upper
amphibolite to granulite facies conditions and is considered
to be of Transamazonian age as suggested by Rb–Sr isoch-
rons of about 2.27 Ga (Cordani and Solani, 1990). The
Vichadero Formation is approximately 100 m thick and is
composed of BIFs, manganese-formations, quartzites,
calc-silicate rocks, and basic metavolcanics (Ellis, 1998).
The BIFs are dominated by meso- and micro-bands with
alternating silica and iron-rich layers, which predominantly
consist of quartz, Fe–Mn–oxides, amphibole, clinopyrox-
ene, garnet, olivine, and braunite.
2.2. TVA294-659.6 – Bijiki member of the Michigamme

Formation, Michigan, United States

A hand sample from the Bijiki iron formation was col-
lected from drill core TVA 29-4 in Marquette, Michigan
at a depth of 201.0 m (or 659.6 feet down-core – sample
TVA294-659.6 hereafter). The Bijiki member of the Paleo-
proterozoic Michigamme Formation is stratigraphically
near the top of the Baraga Group of the Marquette Super-
group. The Baraga Group was deposited during the Penok-
ean orogeny between 1.874 and 1.833 Ga (Schneider et al.,
2002; Schulz and Cannon, 2007) and has been dated at
approximately 1.852 Ga (Sims et al., 1989). Sediments of
the Baraga Group were buried quickly and were highly
metamorphosed shortly after deposition during the north-
ward advancing trust of the Penokean orogeny (Schulz
and Cannon, 2007). This section of the drill core is a mag-
netic shaley and sulfidic BIF with high concentrations of
organic matter and also contains carbonate. Small garnet
and grunerite grains are occasionally present in other parts
of this drill core, which suggest an overall metamorphic
grade around the amphibolite facies. Exposure to an
ammonium molybdate and HNO3 solution yielded a yellow
color upon contact with the rock, indicating an abundance
of phosphate minerals. Petrographic observations of the
mineral assemblage revealed the presence of ferruginous sil-
icates (e.g. grunerite), magnetite, dolomite (with minor Fe),
chalcopyrite, pyrite, apatite, and graphitic CM.

3. ANALYTICAL METHODS

3.1. Optical microscopy

Optical microscopy was used to perform apatite surveys
in one �2.7 � 4.6 cm polished thin section (�30 lm thick)
of BIF sample 050809/2 from the Vichadero Formation.
An Olympus Bx61 microscope with 10�, 40�, and 100�
long working-distance objectives was used without immer-
sion oil to map apatite grains. Apatite occurrences in one
1-cm diameter polished slab of sample TVA294-6596 from
the Bijiki BIF were mapped by back-scattered electron
(BSE) microscopy (see below). Apatite maps of thin sec-
tions from sample G91-26 from the Akilia Qp rock revealed
that �18% of apatite grains had graphite coatings, which is
reported in Papineau et al. (2010).

3.2. Raman spectroscopy

Raman spectroscopy was used to characterize the struc-
tural ordering of CM in the Paleoproterozoic BIFs. The
maturity of CM can be directly correlated to metamorphic
grades and can be evaluated from the characteristic D- and
G-bands (around 1340 cm�1 and 1590 cm�1, respectively –
Beyssac et al., 2002; Wopenka and Pasteris, 1993). Detailed
descriptions of Raman methods are presented in Papineau
et al. (2010). In brief, confocal laser Raman spectroscopy
was performed with WITec a-SNOM imaging system using
a 532 nm laser under 1000� magnification. A 100 or 50 lm
diameter optic fiber was used to collect data in imaging
mode. A Raman spectrum was acquired for each pixel with
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a dwell time between 0.6 and 2 s, producing hyperspectral
datasets with a spatial resolution around 360 nm using
the 100� objective (0.9 N.A. – Steele et al., 2007). Hyper-
spectral images of specific mineral phases were generated
by mapping peak intensity from spectral datasets and in-
clude information on chemical composition and latent
crystal strain (Bernard et al., 2008). Polishing during
sample preparation can disrupt the crystal structure of
graphite and cause flaking, leading to a more intense and
broadened D-band than the original unaltered graphite
(Pasteris, 1989; Papineau et al., 2010). This was avoided
by collecting spectra at least 1 lm and deeper below the thin
section surface.

3.3. Scanning electron microscopy

Detailed methods for imaging samples using scanning
electron microscopy (SEM) are described in Papineau
et al. (2010). In brief, these observations were performed
with a JEOL 6500F field-emission SEM using a 15 kV accel-
erating voltage potential and electron beam current of either
0.5 or 1 nA. Images were acquired using both secondary
(SE) and back-scattered (BSE) electrons. To minimize sur-
face contamination by carbon-containing compounds dur-
ing the final two steps of the polishing process, samples
were manipulated with nitrile gloves and polished with
99.9% pure Cerium oxide powder (3 and 0.5 lm) and DI
water on a muffled glass plate. Samples were subsequently
washed at least five times in DI water and ultrasound baths,
followed by drying at 80 �C, and gently blowing Ar gas on
the surface. Samples were then stored in muffled vials with
muffled Al foil caps in a vacuum oven. One-centimeter
diameter slabs were prepared for analysis with the Nano-
SIMS by ion-milling using a �1 mA Ar+ beam at 70� from
normal incidence under an accelerating voltage of 8 keV.
Ar-milling for 60 min under constant rotation in relatively
low vacuum (0.175 torr) greatly decreased surface topogra-
phy of graphite (Electronic Annex 1). Samples were subse-
quently coated with gold and targets of interest were
located by BSE and SE imaging. Exposure time to the elec-
tron beam in the SEM was kept low to minimize the depo-
sition of carbon films on the gold coat in the vicinity of
the targets.

3.4. Isotope ratio mass spectrometry

Polished slabs of sample G91-26 were manipulated with
nitrile gloves and washed several times in DI water followed
by an ultrasonication cleaning step in dichloromethane to
minimize surface contamination. The carbon isotope com-
position of CM in the Akilia Qp rock was measured on
bulk powders. For bulk powders, Akilia sample G91-26
was subdivided into four blocks representing the coarse-
grained quartz-rich area (sub-sample AB) and the fine-
grained pyroxene-rich areas (CD, E, and F). Bulk powders
were generated with a ceramic shatter box rinsed several
times with DI water and cleaned at least twice with pure
quartz chips muffled at 550 �C for 4 h. Total organic carbon
analyses were performed with a CE Instruments NA 2500
series elemental analyzer (EA) linked to a Thermofisher
Delta V Plus IRMS through a Conflo III interface. Samples
were combusted at 1020 �C in the presence of ultrapure O2

in a continuous flow of He carrier gas. Isotopic standard
CO2 gas was alternatively injected with the sample gases
for calibration. These analyses were challenging because
of the low carbon concentrations, especially in the Akilia
Qp rock, and because of microscopic heterogeneities in
powdered samples.

Typically around 5 mg of powdered sample, but up to
30 mg for carbon-poor samples, was weighed in Ag boats
pre-muffled at 550 �C for 2 h. Analyses of untreated pow-
ders were first performed to determine the total amount
of carbon in the powdered samples. This was followed by
analyses of aliquots from the same powders muffled at
550 �C for 2–4 h, in an effort to remove possible organic
contaminants from the modern environment or sample
preparation. Aliquots of muffled powders were subse-
quently decarbonated with ultra pure 6 N HCl (Sequanal
Grade, Pierce) to determine the isotope composition of
graphite in bulk powders. Analyses of 1–6 lg of organic
carbon from a compositionally similar standard (Peru
mud; d13Corg = �20.2&, TOC = 6.6 wt%) gave a 1r repro-
ducibility better than ±0.8& for d13C and ±5% for total or-
ganic carbon (TOC – although it is around ±45% for
samples with low C (e.g. <0.1 wt%)). Combustion experi-
ments on graphite (USGS 24 and CH graphites) mixed with
pure quartz were performed to test for possible matrix ef-
fects during muffling at 550 �C. Results showed that muf-
fling about 1 wt% of graphite mixed with quartz causes
insignificant change in d13C values and that the carbon con-
centration remains unaffected, within analytical error. The
muffled Ag boat contained less than 0.06 lg of carbon,
and typically less than the detection limit of around 0.04 lg.

Carbonate carbon isotopes were measured on about
40 mg of whole-rock powders from the four different splits
of the G91-26 slab with a Gas Bench, also in continuous flow.
Bulk rock powders inserted in exetainer vials were reacted
with 99.9% pure phosphoric acid at 70 �C. Ultrapure He car-
rier gas then flowed through the exetainers and the evolved
gas was dehydrated and chromatographically purified prior
to its introduction in the IRMS. Analyses of carbonate stan-
dards NBS 18, NBS 19, and two in-house calcite and dolo-
mite standards gave a reproducibility of better than 0.2&

for d13Ccarb and 0.3& for d18Ocarb. All carbonate isotope
analyses are reported with respect to the PDB standard.

3.5. Analyses with the NanoSIMS

NanoSIMS-based carbon isotope analyses and elemen-
tal maps were obtained with the third-generation ion micro-
probe NanoSIMS 50L at the Carnegie Institution of
Washington. Carbon isotope analyses were performed
using a Cs+ primary beam of about 200 pA with an accel-
erating voltage of 8 kV, while a smaller 1.5 pA beam was
used for elemental mapping. These analyses were per-
formed under ultra-high vacuum around 2 � 10�9 torr.
For carbon isotopes, the instrument was tuned for a mass
resolving power around 8000, while a higher mass resolving
power of 9000 was needed for elemental mapping in order
to resolve 12C1H� from 13C� and 12C14N� from 13C2

�. A
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normal incidence electron gun was used for charge compen-
sation and a nuclear magnetic resonance magnetic field sta-
bilizer was used for all analyses.

For carbon isotope analyses, the primary beam was ras-
tered over a 4 � 4 lm region on each target. Each analysis
consisted of 10 cycles of pre-sputtering with a slightly defo-
cused primary beam (�60 s) followed by 100 blocks of 10
cycles each. Faraday cup collectors were used for both
12C and 13C. Instrumental mass fractionation (IMF) was
corrected using analyses of pure graphite from Sri Lanka
(d13C = �8.2&). Analyses on diamond standard 4139
(d13C = �4.0&) were also used for comparison. A small
linear drift in 12C/13C during the analytical session was cor-
rected in the data. To observe the effective removal of gra-
phitic material by the Cs+ beam, analyzed targets were
subsequently imaged by SE (Electronic Annex 2). Varia-
tions in surface topography of graphite are known to affect
IMF to a minor extent (<1&) in conventional SIMS anal-
yses using primary ion beam spot sizes between 20 and
50 lm (Farquhar et al., 1999). Minor IMF effects of less
than 0.5& may also arise from variable crystallographic
orientations of graphite flakes (Farquhar et al., 1999). Sim-
ilar carbon isotope analyses on 4 � 4 lm spots by SIMS
using a primary beam current of 1–2 pA and electron-mul-
tiplier detectors give a 2r reproducibility of about 2&

(Fletcher et al., 2008). Graphite targets only from Akilia
sample G91-26 were analyzed in this work.

Elemental maps were generated with the NanoSIMS by
detecting the secondary ions 12C, 12C1H, 12C14N, 16O, 31P,
and 32S simultaneously on electron-multiplier detectors.
Secondary ion counts relative to 12C represent first-order
semi-quantitative estimates for comparisons of elemental
abundance between different targets. These estimates are
only semi-quantitative however, because a suitable suite
of graphite standards with homogeneous H, O, N, P, and
S abundances, necessary to normalize actual atomic abun-
dances of these elements, was unavailable. Estimates of rel-
ative secondary ion counts therefore do not reflect actual
atomic ratios because the sputtered secondary ions have
different ionization efficiencies. However, in an attempt to
quantitatively constrain levels of N in graphite targets ana-
lyzed by NanoSIMS, we independently measured N abun-
dances by EA-IRMS in the graphites from Mt. Kearsarge
(600 ± 48 ppm; n = 3) and Sri Lanka (176 ± 51 ppm;
n = 2), which was in the range expected for poorly crystal-
line graphite (Ader et al., 2006). This was performed by
mixing 1–3 mg of graphite powder with up to 2–3 times
more V2O5 to help the combustion and to minimize the
contribution of isobaric interference by CO from impartial
combustion. These graphites, however, may not necessarily
have homogeneous N concentrations.

Each NanoSIMS elemental map analysis consisted of 10
cycles of pre-sputtering with a defocused primary beam
(�10 min at 1.5 nA) on a slightly larger area than the im-
aged target followed by 50–60 measurement cycles
(80–90 min total) to ensure beam stability and achieve sta-
ble count rates. Typically only the last 20 cycles or so, after
the count rates were stable and had reached a plateau, were
used for data analysis. Imaged regions were generally
around 10 � 10 lm. Secondary ion images were processed
with the L’image software package (L.R. Nittler, Carnegie
Institution of Washington) to generate a series of elemental
maps. Uniformity in secondary ion maps is highly sensitive
to the topography of targets and artifacts can appear as
gradients of secondary ion counts if the target deviates from
a perfectly flat surface and as very bright or dark areas
along cracks and holes.

These types of analyses with the NanoSIMS are also sus-
ceptible to various sources of nanometer-scale contami-
nants on typical polished sample surfaces. However,
additional cleaning steps were performed (Section 3.3) to
minimize surface contamination. During the 10 min long
pre-sputtering steps before each acquisition, any residual
surface contamination should have been eliminated,
although implantation of residual surface contaminants
within the target cannot be entirely excluded. After steady
secondary ion counts were achieved, typical variations in
secondary ion ratios were less than 10%. A typical set of
20 cycles of secondary ion ratios illustrates minor variations
in secondary ion counts and relatively small ranges of ratios
(Electronic Annex 3). For sample G91-26, graphite targets
analyzed were associated with various minerals, including
apatite, whereas for samples 50809/2 and TVA294-659.6
only CM associated with apatite was analyzed. Two fluid-
deposited graphites from Mt. Kearsarge (New Hampshire)
and Sri Lanka were analyzed in the same way for compar-
ison. These graphites are thought to have precipitated from
CO2–CH4 rich fluids that sourced carbon from the sedimen-
tary host protolith or from nearby metasedimentary rocks
(Rumble and Hoering, 1986; Rumble et al., 1986; Farquhar
and Chacko, 1991; Farquhar et al., 1999).

4. RESULTS

4.1. Carbonaceous material associated with apatite in the

petrographic context

Graphite associations with apatite in the Akilia Qp rock
have been mapped in their petrographic context and ana-
lyzed by Raman microspectroscopy (Papineau et al.,
2010). All graphite associations with apatite observed in
G91-26 with BSE imaging occurred as thin coatings at
the interface between apatite and quartz (see examples in
Fig. 1). Apatite grains in thin sections of the fine-grained
parts of the Akilia Qp rock ranged in size between 3 and
80 lm and about 18% of them were associated with graph-
ite (Papineau et al., 2010).

Apatite grains in Vichadero BIF sample 50809/2 from
Uruguay tended to be large (up to 250 lm) and rounded
subhedral crystals occurring within quartz between bands
of hematite and magnetite (Fig. 2). A total of 1827 apatite
grains were identified and located in this thin section and
graphite was found in association with 87 of these apatite
grains (about 5% of apatites; Fig. 3a and b), less common
than in the Akilia Qp rock. Large apatite grains often oc-
curred in association with fine hematite rims (Fig. 3c and
d), especially when they were located near Fe-rich bands.
Fine-grained hematite also occasionally formed coatings
on these apatite grains and this metamorphic remobilization
of ferric iron occurred before the partial (Fig. 3e and f), and



Fig. 1. Representative BSE images of apatite grains in Akilia Qp rock sample G91-26 showing individual apatite grains in the quartz matrix in
(a) and (b), graphite coatings onto apatite grains in (c), (d), (e), and (f), and graphitic envelopes coating apatite grains in (g) and (h).

Fig. 2. (a) Thin section of the Vichadero BIF with 1827 mapped apatite grains distributed as bands showing apatites associated with graphite
in red and those without in blue; (b–d) back-scattered electron images of representative fields of apatite grains in quartz, sometimes mixed with
fine smears and rounded structures of microcrystalline hematite. Mineral abbreviations are: apa, apatite; hem, hematite; qtz, quartz.
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Fig. 3. Back-scattered electron images of apatite grains associated with hematite and quartz from the Vichadero BIF. Images (a) and (b) show
examples of apatite-associated graphite, while (c) and (d) show different textures of hematite associated with apatite, and images (e)–(h) show
the progressive replacement of apatite with quartz often rimed with microcrystalline hematite. In (i)–(k) are relatively rare anhedral apatite
occurrences. Mineral abbreviations are: apa, apatite; gra, graphite; hem, hematite; qtz, quartz.
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sometimes total (Fig. 3g and h), replacement of apatite by
quartz. Partial replacement textures were not observed on
apatite grains associated with graphite (Fig. 3a and b), as
they were associated with relatively little hematite, which
possibly relates to a more pristine and less disturbed mineral
association. Small and rare anhedral apatite grains were also
observed in finely disseminated hematite areas (Fig. 3i) and
may represent metasomatically remobilized apatite. Ferric
oxyhydroxides remobilized during metamorphism typically
became finely disseminated hematite in the quartz matrix
and had microcrystalline textures that formed small amor-
phous patches and veinlets.
A detailed petrographic survey of apatite grains in a
�0.7 cm2 slab from Bijiki BIF sample TVA294-659.6 from
Michigan by BSE microscopy revealed a total of 658 apatite
grains, of which more than 514 grains (or 78%) were asso-
ciated with CM (Fig. 4a). In the Bijiki BIF, apatite grain
sizes varied between 2 and �60 lm and they were generally
associated with CM in the form of coatings and inclusions,
sensu stricto. Apatite grains occurred almost exclusively in
dolomite and tended to form bands parallel to bedding.
They rarely occurred within magnetite (Fig. 4i). Dolomite
bands were found parallel to bedding planes, but also as
veins that cross-cut layers of the Fe-silicate matrix



Fig. 4. (a) Polished slab of Bijiki BIF sample showing 658 mapped apatite grains distributed as bands and showing apatites associated with
CM in red and those without in blue. Petrographic observations by BSE show (b and c) convoluted filaments of CM in Fe-silicate matrix and
sometimes associated with magnetite, (d) a late diagenetic or metamorphically remobilized dolomite vein in the Fe-silicate matrix, (e and f)
fields of apatite grains associated with CM in the dolomite matrix, (g and h) examples of individual apatite grains associated with CM in
dolomite matrix, and (i) a rare apatite grain inside late diagenetic or metamorphic anhedral magnetite.
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(Fig. 4d). In dolomite, CM occurred as fine amorphous dis-
seminations with occasional rounded filamentous structures
(Fig. 4e and f). Notably, these diagenetic dolomite veins
and bands contained subhedral apatite grains associated
with CM (Fig. 4e–h). In the Fe-silicate matrix, filamentous
carbonaceous material also typically displayed convoluted,
rounded, or curved structures (Fig. 4b–d).

4.2. Raman spectroscopy of CM associated apatite

A selection of apatite grains associated with CM in the
Vichadero BIF sample 50809/2 was analyzed by Raman
spectroscopy (Fig. 5d–i). Small hematite aggregates were also
associated with CM in some of these targets (Fig. 5d, e, g, and
i). Small calcite crystals were occasionally observed as inclu-
sions in apatite (Fig. 5d, arrows) or in direct contact with
CM, apatite, and quartz (Fig. 5f and h). Average Raman
spectra extracted from these hyperspectral images revealed
crystalline graphite that exhibited a strong G-band around
1575 cm�1 and a generally weak D-band around 1347 cm�1

(Fig. 6). In one graphite target (Fig. 5i), a 1 lm spot of graph-
ite showed an unusually strong 2D-band around 2700 cm�1

(Fig. 6) similar to a few curled graphite structures discovered
in the Akilia Qp rock (Papineau et al., 2010). Overall, the Ra-



Fig. 5. Raman hyperspectral images of carbonaceous material associated with apatite in the BIF from (a–c) the Bijiki member of the
Michigamme Formation and (d–i) the Vichadero Formation. The locations of Raman hyperspectral scans are indicated with red boxes in their
petrographic context shown in back-scattered electron (a, b, d, and e), reflected light (f) and transmitted light (g–i). Mineral phases are
carbonate (green), apatite (turquoise), carbonaceous material (red), magnetite (yellow), and hematite (purple). Black areas represent holes in
the thin section.
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man spectral characteristics and crystallinity of graphitic CM
in the Vichadero BIF were similar to those of graphite in the
Akilia Qp rock (Table 1 and Electronic Annex 4), and point
to crystallization of indigenous CM during peak metamor-
phic conditions during the Transamazonian tectonothermal
event around 2.27 Ga. Raman spectra of apatite crystals
associated with these graphite particles (Electronic Annexes
5 and 6) exhibited the characteristic P–O peak at 965 cm�1

along with a series of characteristic peaks between 2000
and 2700 cm�1.

Carbonaceous material associated with apatite in the Bi-
jiki BIF from Michigan also displayed Raman spectro-
scopic characteristics of crystalline graphite (Figs. 5a–c
and 6). Notably, the D-band FWHM, the positions of the
G-band and 2D-band, and the D/G intensity ratio, have
similar ranges as for CM from the Vichadero BIFs and
from the Akilia Qp rock (Table 1 and Electronic Annex
4). These ranges imply a high degree of crystallinity of
CM in the Bijiki BIF and indicate crystallization during
peak metamorphic conditions, which occurred between
1.874 and 1.833 Ga during the Penokean orogeny (Schulz
and Cannon, 2007).

4.2.1. Isotope composition of graphite in bulk powders

Carbon isotope analyses of untreated whole-rock pow-
ders from four Akilia sub-samples of G91-26 yielded an
average d13C composition of �10.2 ± 4.9& (1r) for total
carbon (d13C values ranged between �4.7 and �17.8&;
Table 2), which was in concentration averaging 0.078 ±
0.048 wt% (1r). Aliquots of powders muffled at 550 �C
yielded a similar average d13C composition of �9.6 ±
4.0& (1r) for total carbon (d13C values between �4.6&



Table 1
Average Raman spectral characteristics of CM in the analyzed targets.

Spectrum
namea

D pos.
(cm�1)

D FWHM
(cm�1)

G pos.
(cm�1)

G FWHM
(cm�1)

D/G
intensity

2D pos.
(cm�1)

2D FWHM
(cm�1)

2D/G
intensity

Bijiki BIF (TVA294-659.6)

LL 1349.5 41.0 1578.2 22.6 0.07 2710.1 66.2 0.34
UL 1346.5 51.2 1576.5 25.5 0.12 2705.7 69.3 0.30
UR 1352.9 41.3 1581.1 23.9 0.33 2708.3 73.6 0.29

Vichadero BIF (050809/2)

5i 1350.2 45.6 1579.7 25.7 0.18 2706.4 74.8 0.39
5i arrow 1348.4 37.0 1580.1 27.2 0.85 2697.3 51.0 1.31
5d 1351.3 45.4 1581.7 26.4 0.42 2705.8 74.8 0.46
5e 1347.5 53.2 1581.4 28.5 0.40 2705.3 75.1 0.36
5f 1345.7 45.2 1575.3 25.8 0.30 2703.4 72.3 0.30
5g 1345.3 45.5 1574.9 25.7 0.27 2702.5 73.9 0.31

a Spectrum names correspond to the images in Fig. 6.

Fig. 6. Average Raman spectra of CM for the corresponding targets in Fig. 5.
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and �15.5&) but slightly lower carbon contents averaging
0.041 ± 0.041 wt% (1r), which suggests that organic con-
tamination was probably a source of carbon in untreated
bulk powders. It is also possible that the loss of organic car-
bon during combustion at 550 �C was in part accelerated by
reactions with oxidizing minerals in the Akilia Qp rock, as
we noted that sulfides were converted to hematite during
these experiments. Acidified muffled whole-rock powders
had an average d13Cgra composition1 of �17.5 ± 2.5&

(1r) and ranged between �12.6& and �23.6&, which
was isotopically lighter than untreated powders. Acidified
muffled whole-rock powders contained an average graphite
content of 0.008 ± 0.004 wt% (1r), which represented be-
tween 0.16 and 1.81 lg of graphite. Therefore, multiple
1 The subscripts “gra” and “carb” for d-values refer to graphite
and carbonate, respectively.
analyses of whole-rock powder aliquots showed minor
heterogeneities in graphite abundances and isotope
compositions. The isotopic composition of carbonate was
measured in aliquots from the same sub-samples of
whole-rock powders, which were found to have a range of
d13Ccarb composition1 of �3.3& to �5.5& and an average
d18Ocarb composition1 of �16.3 ± 0.3& (1r). These carbon
isotope compositions are similar to d13Ccarb values from
metacarbonates from the Isua Supracrustal Belt, which typ-
ically range between �4& and +2& (Naraoka et al., 1996;
Ueno et al., 2002; and references therein).

Total carbon in untreated powders of the Vichadero BIF
had an average d13C composition of �21.7 ± 2.0& (1r)
(d13C values between �19.4& and �23.2&) for total car-
bon contents averaging 0.078 ± 0.041 wt% (1r) (Table 2).
Muffled aliquots of whole-rock powders were measured to
have heavier d13C values with an average of �13.5 ±
2.4& (1r) and significantly less total carbon average of



Table 2
Stable isotope compositions of graphite and carbonate in differently processed whole-rock powders from the Akilia Qp rock and the two Paleoproterozoic BIFs.

Sub-samplea Untreated WR powder WR powder muffled at 550 �C for 2–
4 h

Acidifed WR muffled powders Carbonate analyses of WR rock powders

d13CTC (&) % C d13CTC (&) % C d13Corg (&) % Corg Canalyzed (lg) d13Ccarb (&) ±1r d18Ocarb (&) ±1r

G91-26AB �5.4 0.151 �5.0 0.121 �15.7 0.004 0.16 �4.0 0.2 16.2 0.2
�4.7 0.148 �4.6 0.117 �19.0 0.007 0.36
�5.6 0.149 �5.7 0.081 �17.3 0.005 0.54
�5.4 0.161 �17.5 0.005 0.45

Average �5.3 0.152 �5.1 0.106 �17.4 0.005
SD 0.4 0.006 0.6 0.022 1.4 0.001

G91-26CD �17.8 0.069 �15.5 0.025 �17.3 0.010 0.54 �4.7 0.2 �16.1 0.1
�17.4 0.066 �15.3 0.023 �16.6 0.007 0.41
�17.7 0.064 �13.8 0.014 �18.0 0.008 0.80
�17.1 0.057 �23.6 0.018 1.81

Average �17.5 0.064 �14.9 0.021 �18.9 0.011
SD 0.3 0.005 0.9 0.006 3.2 0.005

G91-26E �8.6 0.036 �12.1 0.023 �19.2 0.010 0.53 �5.5 0.2 �16.8 0.2
�12.1 0.038 �9.9 0.020 �18.5 0.008 0.43
�9.8 0.027 �7.8 0.008 �16.6 0.007 0.68

�16.2 0.006 0.53
Average �10.2 0.033 �9.9 0.017 �17.6 0.008
SD 1.8 0.006 2.1 0.008 1.5 0.002

G91-26F �7.6 0.052 �11.4 0.026 �17.5 0.010 0.51 �3.3 0.3 �16.3 0.3
�6.8 0.051 �8.3 0.021 �20.4 0.016 0.88
�9.7 0.051 �6.1 0.014 �12.6 0.005 0.53
�7.3 0.045 �13.9 0.006 0.60

Average �7.9 0.050 �8.6 0.021 �16.1 0.010
SD 1.3 0.003 2.6 0.006 3.5 0.005

Vichadero BIF

50809/2 �22.4 0.084 �10.8 0.013 �33.6 0.010 2.99 �2.2 0.6 �13.5 0.4
�23.2 0.116 �14.1 0.015 �25.8 0.011 1.94
�19.4 0.034 �15.4 0.014 �26.3 0.008 0.62

Average �21.7 0.078 �13.5 0.014 �28.6 0.010
SD 2.0 0.041 2.4 0.001 4.4 0.002

Bijiki BIF

TVA294-659.6 �22.6 3.58 �21.1 3.22 �23.8 2.20 25.3 �14.9 0.1 �7.1 0.1
�22.3 3.35 �23.2 2.83 �23.8 2.08 17.7
�22.5 3.49 �22.3 3.15 �24.3 2.87 21.0

Average �22.5 3.47 �22.2 3.07 �24.0 2.39
SD 0.1 0.117 1.1 0.204 0.3 0.426

a Several aliquots of the whole-rock powders were analyzed at least in triplicate.

5894
D

.
P

ap
in

eau
et

al./
G

eo
ch

im
ica

et
C

o
sm

o
ch

im
ica

A
cta

74
(2010)

5884–5905



Graphite with apatite in the Akilia Qp rock and Paleoproterozoic BIFs 5895
0.014 ± 0.001 wt% (1r), which is consistent with minor or-
ganic carbon infiltration from the modern environment or
sample preparation. Acidified muffled whole-rock powders
of the Vichadero BIF had an average d13Cgra composition
of �28.6 ± 4.4& (1r) (d13Cgra values between �25.8& and
�33.6&) and an average of 0.010 ± 0.002 wt% (1r) of graph-
ite. Carbonate in the Vichadero BIF was measured to have a
d13Ccarb value of �2.2& and a d18Ocarb value of �13.5&.

Finally, untreated powders from the Bijiki BIF had an
average d13C composition of �22.5 ± 0.1& (1r) for signif-
icantly more total carbon contents that averaged
3.5 ± 0.1 wt% (1r) (Table 2). Muffled whole-rock powders
from the Bijiki BIF had a similar average d13C composition
of �22.2 ± 1.1& (1r), although slightly lower carbon abun-
dances around 3.1 ± 0.2 wt% (1r). Acidified muffled whole-
rock powders had d13Cgra values around �24.0& and
around 2.4 wt% graphite. Carbonate in the Bijiki BIF was
measured to have a d13Ccarb value of �14.9& and a
d18Ocarb value of �7.1&.

4.2.2. Carbon isotope analyses of graphite from the Akilia Qp

rock with the NanoSIMS

The instrumental mass fractionation (IMF) was ob-
served to be similar for both graphite and diamond stan-
dards and carbon isotope analyses by NanoSIMS had a
Table 3
NanoSIMS analyses of graphite targets from G91-26.

Target/spota 13C/12Cb Precisio

G91-26C 39 (graphite with apatite)

1_2 1.1125E�02 9.68E�
1_3 1.1068E�02 1.11E�
1_4 1.0969E�02 1.37E�
1_5 1.1088E�02 1.33E�
1_6 1.1035E�02 1.24E�
1_7 1.1052E�02 1.25E�

G91-26C 44 (graphite with apatite)

1_1 1.1018E�02 1.30E�
1_2 1.1055E�02 1.64E�

G91-26C 52 (graphite with hornblende + pyrrhotite)

1_1 1.11654E�02 9.44E�
1_3 1.1005E�02 1.39E�
1_4 1.0985E�02 8.78E�

G91-26C 57 (graphite with hornblende + pyrrhotite)

1_1 1.1166E�02 9.12E�
1_2 1.1178E�02 9.14E�
1_3 1.1169E�02 1.08E�
1_4 1.1061E�02 8.91E�
1_5 1.1061E�02 9.21E�
1_6 1.0975E�02 9.76E�
1_7 1.1083E�02 8.47E�
1_8 1.1021E�02 1.24E�
1_9 1.1074E�02 8.72E�

G91-26C 68 (graphite with apatite)

1_1 1.1136E�02 1.26E�

G91-26C 72 (graphite with apatite)

1_1 1.1056E�02 1.83E�
a Spot numbers are for different areas of the same graphit
b 13C/12C ratios are trend-corrected and corrected for IMF
c 2r reproducibility on d-values is 1.8&.
2r reproducibility of 1.8& (Electronic Annex 7). Analyses
of different graphite targets in the Akilia Qp rock were
alternated with analyses of Sri Lanka graphite and 4139
diamond. Twenty-two analyses were performed on six
graphite targets and had an average d13Cgra value of
�13.8 ± 5.6& (1r), for a relatively large range of d13Cgra

values between �4.1& and �22.8& (Table 3). The distribu-
tion of measured d13Cgra values was indistinguishable be-
tween graphite targets associated with apatite (average =
�13.0 ± 6.7& (1r)) and those associated with hornblende
or sulfides (average = �13.8 ± 5.6& (1r)) (Fig. 7). Second-
ary electron images of craters produced with the Nano-
SIMS after analysis (Electronic Annex 2) demonstrate the
effective removal of significant quantities of graphitic mate-
rial in the analyzed targets up to 3 lm below the surface of
the polished section, and show that contributions from min-
or surface contamination were minimal.

4.3. Elemental composition of graphite

The presence and distribution of other elements, espe-
cially those of biological relevance, in graphite from the
Akilia Qp rock were also analyzed with the NanoSIMS
and compared semi-quantitatively with CM from Paleopro-
terozoic BIFs and fluid-deposited graphite. Compositional
n (%) 12C counts d13Cc (&)

03 1.07E+10 �8.9
02 1.13E+10 �14.0
02 1.06E+10 �22.8
02 9.91E+09 �12.2
02 7.78E+09 �16.9
02 9.26E+09 �15.4

02 1.08E+10 �18.4
02 8.39E+09 �15.1

03 1.27E+10 �5.3
02 1.10E+10 �19.6
03 1.73E+10 �21.4

03 1.38E+10 �5.2
03 1.23E+10 �4.1
02 1.32E+10 �5.0
03 1.37E+10 �14.6
03 1.31E+10 �14.6
03 1.60E+10 �22.2
03 1.50E+10 �12.6
02 1.25E+10 �18.2
03 1.48E+10 �13.4

02 9.90E+09 �7.9

02 1.06E+10 �15.0

e target.
.



Fig. 7. Chart comparing d13C ranges for graphite in Akilia Qp rock sample G91-26 as measured with the NanoSIMS, EA-IRMS (on muffled
and acidified whole-rock powders), and with the ims 1270 (Mojzsis et al., 1996; McKeegan et al., 2007). Gray diamonds show the 1r range of
d13C values with the darker center as the average. Data for muffled and acidified whole-rock powders from the Paleoproterozoic BIFs from
Uruguay and Michigan are also shown and compared to the average (±1r) d13C value of Precambrian CM (n = 1120).
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maps for graphite in the Akilia Qp rock showed trace
amounts of heterogeneous levels of N, P, and S in graphite
associated with apatite (Fig. 8a and b), and in graphite
associated with hornblende (Fig. 8c and d) and calcite
(Fig. 8e). Silicate phases surrounding the analyzed graphite
targets were found to have less than 2 C/s (counts per
second) of N, which is considered to be the background
N level. Less than 1 C/s was measured for S and P in
surrounding silicate and carbonate phases, but some S was
detected in carbonate and apatite. Graphite in the Vichadero
and Bijiki BIFs also contained trace abundances of these ele-
ments (Fig. 8f and g). An area around an apatite-associated
carbonaceous target in the Bijiki BIF exhibited a gradient
of secondary ions (increasing from right to left in the 16O
map of Fig. 8g), which was likely due to a slight topographic
slope in this target. Secondary ionization of 12C for dolomite
was significantly lower than that for CM (Fig. 8g). Local sur-
face variations and empty cracks or pits are probably respon-
sible for the variable secondary ionization efficiency at grain
boundaries with distinct orientations.

No significant differences in secondary ion counts were
measured for graphite associated with apatite compared
to graphite associated with calcite, hornblende, or pyrrho-
tite in the Akilia Qp rock (Electronic Annex 8). Nitrogen
abundances in Akilia graphite were estimated by Nano-
SIMS to average 50 ± 47 ppm (1r), which is similar to
ranges reported for graphite from the Isua Supracrustal
Belt and elsewhere (van Zuilen et al., 2005; Ader et al.,
2006). Comparisons of relative secondary ion counts in
CM showed generally decreasing H/C and O/C for CM
from the Bijiki BIF (H/Cave = 0.22 ± 0.12 (1r); O/Cave =
1.22 ± 0.59 (1r)), the Vichadero BIF (H/Cave = 0.13 ± 0.02
(1r); O/Cave = 0.52 ± 0.21 (1r)), and the Akilia Qp rock
(H/Cave = 0.05 ± 0.04 (1r); O/Cave = 0.34 ± 0.26 (1r)),
consistent with the increasing metamorphic grades of these
rocks (Fig. 9a). This trend, however, was not observed for
N/C, P/C, and S/C, as CM from the Vichadero BIF had
the lowest ratios (Fig. 9b and Electronic Annex 8). Fluid-
deposited graphite from Mt. Kearsarge in New Hampshire
was found to relatively high H/C (0.20), O/C (0.53) and N
(600 ppm), while graphite from Sri Lanka had low H/C
(0.01) and O/C (0.27) and relatively high N (176 ppm).

5. DISCUSSION

5.1. The origin of carbonaceous material in Paleoproterozoic

BIFs

Apatite–graphite associations were common in the two
metamorphosed Paleoproterozoic BIFs, which provides a
suitable petrographic context to evaluate the origin of sim-
ilar mineral associations in the Akilia Qp rock. During sed-
imentation and early diagenesis of BIFs, anaerobic
heterotrophic oxidation of buried biomass can result in
the liberation of phosphate and isotopically light bicarbon-
ate into the sediment pore waters. These micro-environ-
ments then become host to the formation of 13C-depleted
diagenetic carbonate and phosphate minerals (e.g. Berner,
1990). Generations of such diagenetic processes were best
illustrated in the Bijiki BIF, where early oxidation of sedi-
mentary CM resulted in the accumulation of pore water
carbonate and phosphate. Following the crystallization of
the Fe-silicate matrix and subhedral magnetite grains
(Fig. 4b and c), later diagenetic and metamorphic processes
led to successive crystallization of apatite and euhedral
magnetite, followed by the remobilization of carbonate into
layers or veins (Fig. 4d–f). Based on petrographic observa-
tions from the Bijiki BIF, the amount of CM in post-depo-
sitional dolomite was generally less than in the Fe-silicate
matrix, which suggests that CM had been more oxidized
where carbonate was remobilized.

Raman spectra of graphite in the Bijiki BIF illustrate the
impact of high-temperature metamorphism on the degree of
ordering of CM and thereby confirm its indigenicity. The
Bijiki BIF has a d13Corg value of �24.0& and a d13Ccarb

values around �14.9&, which suggest that the dolomite
incorporated a relatively high amount of diagenetically oxi-
dized CM. Carbonaceous material in the Bijiki BIF also



Fig. 8. Selected NanoSIMS elemental maps (of 12C, 12C1H, 16O, 12C14N, 31P, and 32S, from left to right) for graphite associated with apatite
and other phases from (a–e) the Akilia Qp rock, (f) Vichadero BIF, (g) and Bijiki BIF. Secondary electron and BSE images show the context
of the targets, count rates are shown for first-order comparisons, and mineral abbreviations are: apa, apatite; gra, graphite; hem, hematite; qtz,
quartz; dol, dolomite; hbl, hornblende.
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contained high levels of the elements C, H, N, O, P, and S
(known hereafter as CHNOPS). During diagenesis and
metamorphism, a fraction of these elements remains cova-
lently bonded in CM of biological origin, but their relative
abundances decreases with higher metamorphic grade
(Strauss et al., 1992; Des Marais, 2001). These independent
lines of evidence demonstrate the biogenic origin of CM in
the Bijiki BIF and lead to the conclusion that diagenetic
processes in sediments from the Baraga basin were fueled
by intense primary productivity in the photic zone of the
water column.

In the Vichadero BIF, many apatite grains and associ-
ated graphite were found in close proximity to hematite
(Figs. 2c, d and 3e–h), which points to ferric iron remobili-
zation and adsorption onto phosphate mineral surfaces
during prograde metamorphism under conditions of high
oxygen fugacity. Accordingly, either the phosphate was ini-
tially associated with settling ferric oxyhydroxide particles



Fig. 9. Semi-quantitative plots of secondary ion ratios measured by NanoSIMS on various targets of CM from the Eoarchean Akilia Qp rock
(G91-26), Paleoproterozoic BIFs from the Vichadero Formation (50809/2) and Bijiki member of the Michigamme Formation (TVA294-
659.6), and graphite from Mount Kearsarge and from Sri Lanka comparing (a) 12C1H/12C and 16O/12C and (b) N concentration (based on the
measured 12C14N counts normalized to the average N from Mt. Kearsage and Sri Lanka graphites) and 32S/12C relative secondary ion counts.
Errors are 70% for N abundance (except for Mt. Kearsage and Sri Lanka graphites, where it is around 50 ppm) and 1r standard deviations for
H/C, O/C, and S/C.
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(Bjerrum and Canfield, 2002) or it was incorporated within
the biomass of lysed planktonic cells (Konhauser et al.,
2002, 2007). In either case, during diagenesis and prograde
metamorphism, phosphate was released into porewaters,
where supersaturation with respect to an apatite or a cal-
cium fluorapatite precursor phase was achieved (Van Cap-
pellen and Berner, 1988). The presence of quartz bands with
several hundred apatite grains in the Vichadero BIF further
suggests a diagenetic origin for such phosphatic layers and
for apatite associations with graphite located therein. Sim-
ilar to apatite-rich bands in the Bijiki BIF, apatite-rich
bands in the Vichadero BIFs suggest that graphite associa-
tions with apatite are of diagenetic origin and can be pre-
served at metamorphic grades up to the upper
amphibolite facies. However, while the origin of the Vicha-
dero graphite likely formed from crystallization of sedimen-
tary CM, fluid-deposition of this graphite may also be
possible. Given that this BIF was deposited at a time when
planktonic biomass was proliferating worldwide (e.g.
Konhauser et al., 2005; Papineau, 2010), it is likely that it
originally contained biogenic CM that underwent a series
of post-depositional transformations.

Raman spectra of graphite associated with apatite exhi-
bit a high degree of ordering consistent with a protracted
metamorphic history. The Vichadero BIF has an average
d13Cgra value of �28.6& and d13Ccarb values around
�2.2&, which suggest that the carbonate solid-phase did
not incorporate a large amount of diagenetically oxidized
organic matter. Instead, negative d13Ccarb values in highly
metamorphosed rocks may be due to 13C-depletions from
diagenetic carbonate, but could also have arisen from
high-temperature devolatilization reactions that leave resid-
ual carbonate more depleted in 13C (Deines and Gold, 1969;
Lattanzi et al., 1980; Valley, 1986; Kaufman, 1996; DesMa-
rais, 2001). Carbonaceous material in the Vichadero BIF
generally contained lower levels of the CHNOPS elements
compared to CM from the Bijiki BIF (Fig. 9 and Electronic
Annex 8), which suggests higher losses from metamorphic
devolatilization. However, despite different metamorphic
histories, the relative abundances of P and S were similar,
which is analogous to what has been observed in the CM-
rich Gunflint and Apex cherts, in which the relative abun-
dances of N, S, and P were found to be similar despite dif-
ferences in provenance and metamorphic grade (De
Gregorio et al., 2009). These various lines of evidence col-
lectively suggest a biogenic origin for CM in the Vichadero
BIF.

5.2. Graphite and carbonate in the Akilia Qp rock

Graphite in the Akilia Qp rock occurred as discrete
coatings on apatite grains and in complex mineral assem-
blages that included hornblende ± calcite ± magnetite ±
pyrrhotite ± chalcopyrite, with occasional micrometer-size
pentlandite zones (Papineau et al., 2010). These petro-
graphic observations suggest, that some of the graphite in
the Akilia Qp rock was fluid-deposited at high-temperature
during metamorphism. The range of d13Cgra values for acid-
ified muffled whole-rock powders was found by EA-IRMS
to be between �12.6& and �23.6& and is interpreted to
represent centimeter-scale carbon isotope heterogeneities.
The total graphite content of the Akilia Qp rock averaged
0.008 wt% and was similar to that measured in the Vicha-
dero BIF, although the Akilia graphite was less 13C-de-
pleted. Such low levels of organic carbon are common in
BIFs with dominant oxide or siderite mineralogy, which
typically contain between 0.01 and 0.20 wt% organic car-
bon (Klein, 2005).

The range of d13Cgra values measured with the Nano-
SIMS was indistinguishable for graphite associated with
apatite compared to graphite associated with hornblende
and other minerals (Fig. 7), which suggests a common car-
bon source. These analyses of the Akilia graphite revealed
d13Cgra values between �4.1& and �22.8&, which are in
broad agreement with the carbon isotope measurements
from the EA-IRMS and represent carbon isotope heteroge-
neities at micron scales. Similar large ranges of isotopically
heavy graphite have been reported from metacherts, schists,
and metacarbonate rocks of the Isua Supracrustal Belt,
where the d13Cgra values measured by SIMS varied between



Fig. 10. Models of the d13C composition of graphite formed by
precipitation from mixed CO2- and CH4-bearing fluids in a closed
system at temperatures (a) of 635 �C and (b) of 830 �C, and (c) the
progressive loss of hydrocarbons from carbonaceous material,
assuming an initial d13Ci of �33.4&. The f values are the molar
ratios of the residual organic carbon to the initial organic carbon
content.
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�18& and +2& (Ueno et al., 2002). The latter SIMS anal-
yses further revealed that graphite inclusions in garnet and
quartz are more 13C-depleted (by up to 7&) compared to
graphite located along mineral grain boundaries, which
was interpreted as the result of mineral armoring of less al-
tered graphite inclusions. It was then concluded that iso-
tope exchanges with carbon-bearing fluids during regional
metamorphism at Isua led to increased d13Cgra values com-
pared to precursor CM, possibly of biological origin (Ueno
et al., 2002). In the Akilia Qp rock, carbon isotope hetero-
geneities occur at various scales and may be related to pre-
cipitation from a fluid that was isotopically fractionated
during Rayleigh-type distillation.

To test this hypothesis, we modeled the formation of
graphite from CO2- and CH4-bearing metamorphic fluids
(Naraoka et al., 1996). Calculations were made using a
batch model with the assumptions that graphite continu-
ously formed from CO2 and CH4 in equal proportions
and that small amounts of graphite are progressively pre-
cipitated in constant isotopic equilibrium with the CO2–
CH4 fluid. Isothermal reactions were calculated with tem-
perature estimates (between 635 and 830 �C) based on
Raman spectral parameters of Akilia graphite (Papineau
et al, 2010). Changes in d13Ci

fluid were assumed to follow
the Rayleigh distillation equation (1) and the d13Cf

graphite va-
lue for accumulated graphite was calculated from a mass-
balance equation (2):

d13Cf ¼ ðd13Ci þ 1000Þ � f a�1 � 1000 ð1Þ
d13Ci

fluid ¼ ðd
13Cf

fluid � f þ d13Cf
graphite � ð1� f Þ ð2Þ

where f is the fraction of residual carbon in the fluid and a is
the equilibrium fractionation factor at a given temperature.
The initial input parameter in the model for the d13Ci

CO2
va-

lue was �4.0& (assumed to be in equilibrium with the mea-
sured d13Ccarb in the Akilia Qp rock) and the d13Ci

CH4
was

calculated from the equilibrium isotopic fractionation
factor between CO2 and CH4 (Ohmoto and Rye, 1979).
Results from these calculations (Fig. 10a and b) suggest
that graphite produced from such fluids could have d13Cgra

values around �11.5& (with f between 1 and 0.5 and at
T = 635 �C) or d13Cgra values around �7& (with f between
0.7 and 0.3 and at T = 830 �C), which are consistent with
some carbon isotope compositions measured by Nano-
SIMS. Alternatively, the d13Cfluid value could have been
changing in composition with different carbon sources mix-
ing during precipitation. However, to explain the more de-
pleted d13C values another model may be necessary.

In this work, two independent methods for carbon iso-
tope analysis of graphite have revealed consistent results
that are significantly different from published compositions.
In fact, previous SIMS measurements revealed a large range
of d13Cgra values between �21& and �49& for asserted
graphite inclusions in apatite in Akilia Qp rock sample
G91-26 (Fig. 7; Mojzsis et al., 1996). McKeegan et al.
(2007) independently performed two analyses of asserted
graphite inclusions in apatite from this same sample and
obtained d13Cgra values of �29.7 ± 1.3& (1r), using the
same technique and instrument. Since independently mea-
sured d13Cgra values of graphite coatings on apatite with
the NanoSIMS and bulk graphite by EA-IRMS both
revealed heavier values and heterogeneities at various
scales, the difference in the analytical spot size (4 lm with
the NanoSIMS versus 30 lm with the ims 1270) is an unli-
kely explanation for the difference in isotope composition.

Variable metamorphic imprints on isotopic composi-
tions of micro-domains may explain some differences in
the datasets, since metamorphism is expected to affect
d13Cgra values by driving them towards heavier values. A
Rayleigh distillation model is used to estimate changes in
carbon isotope composition during metamorphic devolatil-
ization and/or isotope exchanges with carbonate. While
sensu stricto graphite inclusions in apatite have yet to be
documented within cross-sectional focused ion beam lift-
out sections in the Akilia Qp rock, it has been argued that
armoring of CM by apatite would minimize isotopic frac-
tionation during metamorphism (Mojzsis et al., 1996; Eiler
et al., 1997). Therefore, a Rayleigh-type distillation mecha-
nism would have preferentially affected the carbon isotope
composition of graphite coatings (as measured in this work)
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compared to asserted graphite inclusions in apatite (as mea-
sured by Mojzsis et al., 1996; McKeegan et al., 2007). Such
a model was calculated using Eq. (1) for two equilibrium
fractionation factors (for T = 635 and 830 �C and a calcu-
lated from Deines and Eggler, 2009) and is presented in
Fig. 10c. The d13Ci value was taken to be �33.4& or the
average of data from Mojzsis et al. (1996) and McKeegan
et al. (2007) for graphite completely armored by apatite.
Our calculations suggest that d13Cgra values up to �23&

can be achieved after the loss of 92% of the original carbo-
naceous material (f = 0.08, T = 635 �C) from Rayleigh-type
distillation processes. Since the average content of graphite
in the Akilia Qp is around 0.009 wt%, this calculation pre-
dicts that the original amount of CM in this rock could
have been up to 0.11 wt%. If this model correctly reflects
the distribution of graphite in the Akilia Qp rock, then
the bulk graphite is significantly more abundant and less
13C-depleted than the asserted graphite inclusions in apa-
tite. We emphasize, however, that the presence of sensu
stricto graphite inclusions in Akilia apatites remains to be
unambiguously documented in FIB lift-out sections (Papi-
neau et al., 2010). While this Rayleigh distillation model
may be consistent with published data, it is unclear whether
differences in measurement techniques played a role in the
differences between our NanoSIMS measurements of
graphite targets exposed at the thin section surface and
SIMS measurements by Mojzsis et al. (1996) and McKee-
gan et al. (2007) of graphite targets from below the thin sec-
tion surface by sputtering away the overlying material.

The average of bulk d13C compositions of calcite and
graphite in the Akilia Qp rock are �4.4& and �17.5&,
respectively, which indicates that these minerals did not
reach isotopic equilibrium and formed from distinct sources
of carbon-bearing compounds. In fact, experimental cali-
bration of the carbon isotope equilibrium fractionation fac-
tor for graphite and calcite at temperatures relevant to
graphitization in the Akilia Qp rock (e.g. 750 �C) predicts
that the difference in d13C values should be around 3&

(Deines and Eggler, 2009). Carbonate minerals commonly
occur in BIFs and are often characterized by negative
d13Ccarb values (Klein, 2005). The isotope composition of
bulk calcite in the Akilia Qp rock may reflect (1) small
13C-depletions from the preferential devolatilization of
13CO2 during metamorphic decarbonation reactions
(Deines and Gold, 1969; Lattanzi et al., 1980), (2) carbon
isotope exchange with the isotopically light graphite or pre-
cursor CM, (3) mantle sources of CO2 in infiltrating fluids,
or (4) a combination of these factors.

5.3. Comparison between the Akilia Qp and younger rocks

5.3.1. Graphite associated with apatite

Clues to the origin of apatite + graphite associations in
the granulite facies Akilia Qp rock may be provided by
the petrographic context from the two studied Paleoprote-
rozoic BIFs that were metamorphosed at the amphibolite
to upper amphibolite facies. However, the petrographic dis-
tribution of graphite in the Bijiki BIF was generally differ-
ent from that in the Vichadero BIF and in the Akilia Qp
rock. The organic-rich Bijiki BIF contained graphitic
filaments throughout its matrix and sometimes formed
dense layers of carbonaceous material, which were not ob-
served in the other studied samples. Graphite coatings and
inclusions (sensu stricto) in apatite grains were most abun-
dant in this rock (around 78% of apatite grains), but apatite
grains occurred in bands and veins of diagenetic dolomite.
For comparison, graphite in the organic-poor Vichadero
BIF was only found to occur in association with apatite
in quartz bands. These apatite grains contained fewer
graphite coatings (only about 5% of apatite grains) and
were often associated with hematite and calcite. These
observations collectively demonstrate: (1) that apatite
grains in the analyzed metamorphosed BIFs often form
bands parallel to bedding; (2) that CM is frequently associ-
ated with apatite grains in BIFs; (3) that the proportion of
these mineral associations is related to the total amount of
organic matter in the rock; (4) that a series of biogeochem-
ical processes beginning with the concentration of phos-
phate during diagenesis can eventually lead to the
association of apatite with CM in Paleoproterozoic BIFs;
and (5) that diagenetic mineral associations between apatite
and graphite can survive high-grade metamorphism, at
least up to the amphibolite facies.

In the Akilia Qp rock, graphite occurred in complex
mineral assemblages and also as thin coatings on discrete
apatite grains (about 18% of apatite grains) typically lo-
cated in quartz-rich bands (Papineau et al., 2010). While
the Akilia graphite + apatite associations possibly had a
diagenetic origin, the fluid-deposition of such mineral asso-
ciations from high-temperature fluids containing CM and
phosphate is also possible but remains to be demonstrated.
Therefore, the simple metamorphic recrystallization of dia-
genetic apatite + graphite associations may not accurately
describe the complex pathways of phosphate and CM in
the Akilia Qp rock.

5.3.2. Curled graphite structures in highly metamorphosed

rocks

Raman microspectroscopic imaging of the Vichadero
BIF revealed a graphite target that contained a 1 lm unique
graphite structure, identified by an unusually strong 2D-
band around 2700 cm�1 (arrowed in Fig. 5i). This structure
was similar to curled graphite structures interpreted in the
Akilia Qp rock (Papineau et al., 2010), although its
Raman spectrum (Fig. 6) differed from that of the Akilia
sample in that it had a significantly more intense D-band.
Such spectral features may be attributed to the presence
of a partially disordered curled graphite structure or par-
tially hydrogenated graphene sheets (Elias et al., 2009;
Papineau et al., 2010). Graphite “whisker” structures with
similar Raman spectra are known to form during high-tem-
perature experiments (Tan et al., 2001), but it is unclear if
the experimental conditions under which graphite whiskers
form are applicable to these geological settings. Neverthe-
less, these high-temperature experiments suggest that the
graphite in the Vichadero BIF formed during
a high-temperature event, most likely at the peak meta-
morphic temperature experienced by this rock. Apatite-asso-
ciated graphite with spiral and conical structures has been
documented by Raman spectroscopy and secondary electron
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microscopy in a mineralogically complex graphite-bearing
alkaline pegmatite from the Kola Peninsula in northwest
Russia (Jaszczak et al., 2007). While this rock is igneous in
origin, its carbon is 13C-depleted and was interpreted by
Jaszczak et al. (2007) to be biogenic in origin. The curled
graphite structures found in the Vichadero BIF and the
Akilia Qp rock are consistent with their high metamorphic
grades, at the upper amphibolite and granulite facies respec-
tively, but the minimum temperature and formation condi-
tions at which these structures can form remains unknown.

5.3.3. Isotope compositions

The carbon isotope composition of CM is susceptible to
fractionation during thermal breakdown and aromatization
of organic molecules and is predicted to gradually become
less 13C-depleted with increasingly elevated metamorphic
regimes (Hayes et al., 1983). At the amphibolite to granulite
facies, residual CM can become 13C-enriched by several
permil and therefore the d13Cgra values presented in this
work represent maximum values of their pre-metamorphic
CM, whatever its origin. The protracted metamorphic his-
tory of the Akilia Qp rock included several high-tempera-
ture events that may be partly responsible for the large
range of d13Cgra values (Fig. 7) and these carbon isotope
compositions were more 13C-depleted before metamor-
phism. While the smaller ranges of isotopically lighter
d13Cgra values for the Vichadero and Bijiki BIFs are similar
to typical Precambrian CM, these values are also likely to
have been similarly affected by metamorphism.

Unlike the highly 13C-depleted diagenetic dolomite from
the Bijiki BIF, the Akilia Qp rock and the Vichadero BIF
have been more highly metamorphosed and therefore, it
is not possible to determine whether their slightly negative
d13Ccarb values are due to 13C-depletions from diagenetic
carbonate, high-temperature devolatilization reactions, or
both. Similarly to carbonate carbon isotope systematics,
d18Ocarb values also decrease with higher metamorphic
grades (Valley, 1986; Kaufman, 1996). Indeed, calcite from
the Akilia Qp rock was the most 18O-depleted, followed by
calcite in the Vichadero BIF and dolomite from the Bijiki
BIF (Table 2), which is consistent with progressively lower
metamorphic grades for these rocks.

5.3.4. Trace elements abundances in graphite

Published NanoSIMS observations of Neoproterozoic
filamentous microfossils suggest that some of the CHNOPS
elements can be preserved and heterogeneously distributed
within biogenic CM (Oehler et al., 2006). This approach has
also been applied to organic particles and filaments in Ar-
chean quartzites and cherts, where various elements corre-
late with CM exposed at the surface of thin sections
(Wacey et al., 2008; Oehler et al., 2009). However, elemen-
tal imaging with the NanoSIMS typically requires a pri-
mary ion beam of only a few pA, which removes only a
few nanometers thickness of sample material. Extreme care
must therefore be taken in the preparation and pre-charac-
terization of samples to reduce surface contamination.
Sources of contamination for H, N, O, P, and S can be min-
imized by avoiding the use of immersion oil on the thin sec-
tion and by taking precautions during polishing and
storage. In addition to these preventive measures, our sam-
ples were ion-milled with Ar+ prior to gold coating. Nano-
meter-scale layers of amorphous carbon are also expected
to be present on top of the gold coat during SEM observa-
tions prior to analyses with the NanoSIMS and while most
of this was likely removed during pre-sputtering, non-quan-
tified amounts of this contaminant may have been im-
planted into the targets during analyses. However, this
possible source of contamination was very small because
it would result in unstable secondary ion counts over sev-
eral tens of cycles, which were not observed.

The CHNOPS elements were observed to occur in all
targets of graphite whether from the Akilia Qp rock, the
Paleoproterozoic BIFs of Uruguay and Michigan, or from
fluid-deposited graphite (Fig. 8). The elements H and O
were found to occur in slightly greater abundance in CM
associated with apatite from the Paleoproterozoic Vicha-
dero and Bijiki BIFs, although similar ranges of S and N
were measured in most targets (Fig. 9 and Electronic Annex
8). However, it is unclear whether the observed heterogene-
ities relate to the distribution of N, P, and S within graphite
or to nano-scale topographic variations in the polished and
subsequently Ar-milled graphite surfaces. The presence and
similar relative abundance of the CHNOPS elements in var-
ious graphite targets from the Akilia Qp rock further sug-
gest a common carbon source for the Akilia graphite.
Lower relative abundances of H and O compared to youn-
ger BIFs are also consistent with a stronger imprint of
metamorphism on precursor CM, although differences in
precursor material cannot be ruled out. Similarly, the local
bonding environment of the CHNOPS elements in the Akil-
ia graphite remains undetermined as they could either be
incorporated into aromatic heterocycles or intercalated be-
tween graphite sheets, possibly from diffusion in graphite
during metamorphism or metasomatism, and therefore la-
ter non-indigenous introduction of these elements into
graphite is also plausible. The high sensitivity of the Nano-
SIMS allowed for the detection of the CHNOPS elements,
whereas their trace levels were too low to be detected by en-
ergy dispersive spectroscopy in the TEM or by synchro-
tron-based scanning transmission X-ray microscopy
(Papineau et al., 2010). Although abiogenic sources of
CM produced from Fischer–Tropsch type reactions or sid-
erite decarbonation are not predicted to contain N, S, or P,
it is possible that abiogenic hydrothermal synthesis of or-
ganic compounds from simple precursors could have pro-
duced CM with structural S and N (Rushdi and Simoneit,
2004, 2005).

5.4. Implications for graphitization in the Akilia Qp rock

Apatite + graphite associations are not known to arise
from unambiguously abiogenic processes and the only doc-
umented occurrences in an igneous rock are from a miner-
alogically complex graphite-bearing alkaline pegmatite,
from the Kola Peninsula in northwest Russia (Jaszczak
et al., 2007). In fact, the nature and mode of occurrence
of graphite in this rock of enigmatic origin were interpreted
to indicate a fluid-deposited origin, while its average d13Cgra

composition of �15.1& was used to suggest mixing
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between biogenic and carbonate-derived carbon (Jaszczak
et al., 2007). Examples of granulite facies rocks that contain
graphite deposited from CO2- and CH4-containing fluids
that sourced a mixture of CM from mantle or the host
metasedimentary rocks, or both, include quartz-monzonites
and paragneisses from Mount Kearsage in New Hampshire
(Rumble and Hoering, 1986; Rumble et al., 1986) and char-
nockite dykes and paragneisses from Sri Lanka (Farquhar
and Chacko, 1991; Farquhar et al., 1999). Fluid-deposited
graphites from New Hampshire and Sri Lanka have large
ranges of d13Cgra values between �25& and �9& and be-
tween �23.4& and �7.5&, respectively, which were inter-
preted to reflect different generations of graphite
formation and fluid infiltration with variable mixtures of
CH4 and CO2 (Rumble et al., 1986; Farquhar et al.,
1999). These graphites also contain the CHNOPS elements
(Fig. 9 and Electronic Annex 8), which further supports the
interpretation that their parent CO2 and CH4 fluids partly
sourced biogenic CM from nearby metasedimentary rocks.

Petrographic evidence shows that some of the Akilia
graphite was fluid-deposited under high-temperature condi-
tions (Papineau et al., 2010). Since this graphite essentially
has the same range of d13Cgra values as graphite associated
with apatite and also contains similarly high abundances of
trace elements, we conclude that all the Akilia graphite
formed from the same source(s) of CM. The Akilia graphite
is also significantly 13C-depleted, compared to co-occurring
calcite, and it preserves elemental distributions that may
have partly originated from decayed biogenic CM. Accord-
ingly, there may have been several generations of graphite
formation along with possibly varying mixtures and sources
of CO2- and CH4-bearing fluids that resulted in the large
range of d13Cgra values. In metacarbonate rocks that con-
tain graphite associated with siderite and magnetite, the dis-
proportionation of ferrous carbonate has been invoked to
explain the origin of graphite (van Zuilen et al., 2002).
However, since carbon isotope fractionation factors for
graphite formed from such decarbonation reactions have
yet to be determined experimentally, and because siderite
has not been found in association with graphite in the Akil-
ia Qp rock, this process cannot unambiguously explain our
observations. The possibility of fluid-deposition of associ-
ated graphite and apatite in BIFs should be the focus of fu-
ture investigations.

6. CONCLUSIONS

Detailed petrographic observations of apatite in two
Paleoproterozoic BIFs show that diagenetic apatites often
form bands parallel to bedding and are frequently associ-
ated with CM, depending on the total organic contents of
the rock. A series of biogeochemical processes beginning
during diagenesis can eventually lead to the association of
apatite with biogenic CM in Paleoproterozoic BIFs and
these mineral associations can survive high-grade metamor-
phism, at least to the amphibolite facies. Apatite-associated
graphite in the Akilia Qp rock may have formed from a ser-
ies of (bio)-geochemical processes similar to those inferred
for Paleoproterozoic BIFs, but ambiguities remain in the
case of such ancient rocks.
Graphite from the Akilia Qp rock has a wide range of
carbon isotope compositions and two independent methods
were used to measure the range of d13C values of graphite in
the Akilia Qp rock. Analyses by EA-IRMS on acidified
muffled whole-rock powders revealed d13Cgra values be-
tween �12.6& and �23.6&, whereas analyses by Nano-
SIMS revealed values between �4.1& and �22.8&,
which is significantly less 13C-depleted than the data of
Mojzsis et al. (1996) and McKeegan et al. (2007). Because
metamorphism at the amphibolite to granulite facies leads
to increases in d13Cgra values, the most 13C-depleted values
likely represent the maximum d13Cgra values of the pre-
metamorphic CM, and the large ranges measured may be
partly attributed to variable carbon isotopic exchanges with
metamorphic fluids. Models based on Rayleigh-type distil-
lation suggest that graphite deposited from fluids with vary-
ing mixtures of CO2 and CH4 could have d13C values down
to �11.5&, which is consistent with a portion of the mea-
sured carbon isotope compositions. It is unclear whether
differences in measurement techniques played a role in the
significant differences between our NanoSIMS measure-
ments of graphite targets exposed at the thin section surface
and SIMS measurements by Mojzsis et al. (1996) and
McKeegan et al. (2007) of asserted graphite inclusions from
below the thin section surface by sputtering away the over-
lying material. Rayleigh-type distillation processes could
have yielded graphite with d13C values down to �23& from
precursor biogenic CM with an initial d13C value around
�33&, if more than 92% of the original CM was lost dur-
ing metamorphic devolatilization reactions. If this model is
correct, then the bulk graphite is significantly more abun-
dant and less 13C-depleted than the asserted graphite inclu-
sions. To test this model however, the presence of sensu
stricto graphite inclusions in Akilia apatites must be unam-
biguously documented.

A plausible mechanism for graphitization in the Akilia
Qp rock was fluid-deposition under high-temperature con-
ditions in association with the co-precipitation of other
phases including calcite and ferruginous minerals (Papineau
et al., 2010). This mechanism may also apply for graphite
associated with apatite, although the direct crystallization
of diagenetic CM associated with apatite cannot be entirely
excluded for the Akilia Qp rock. Sources of carbon for the
inferred CO2 and CH4 fluids in the Akilia Qp rock may
have included both mantle gases and decayed biological
CM. This possibility is substantiated by the presence of
the CHNOPS elements in the Akilia graphite associated
with apatite and with ferruginous mineral assemblages that
often include calcite. Heteroatom abundances in Akilia
graphite are also generally slightly lower than those ob-
served in CM from Paleoproterozoic BIFs. More detailed
petrographic and geochemical analyses are needed to assess
whether CM associations with apatite reported from
Eoarchean metacarbonate rocks from Isua (van Zuilen
et al., 2002, 2005; Lepland et al., 2002) may indeed involve
biogenic sources of carbon.

Collectively our results do not exclude a biogenic origin
of the carbon in the Akilia graphite, but because some
observations do not exclude graphitization of abiogenic
carbon from fluid-deposition, ambiguities remain for the
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exact origin(s) of this ancient carbon. Specifically, the depo-
sition of graphite associations with apatite from high-tem-
perature fluids containing CM and phosphate is possible
but remains to be documented. Combined with data pre-
sented in Papineau et al. (2010), this study provides unprec-
edented details of the nature of graphite in the Eoarchean
Akilia Qp rock, that can be used to compare with other
metasedimentary rocks with complex metamorphic histo-
ries. This study lays the foundations for further investiga-
tions in a wider variety of samples and may eventually
lead to the discovery of Earth’s earliest biologically-derived
carbon. The correlated use of multiple micro-analytical
techniques has been successfully applied to provide several
independent proxies to trace carbon pathways in highly
metamorphosed sedimentary rocks and this multi-disciplin-
ary approach is ideally suited to study carbonaceous parti-
cles from other complex geological environments elsewhere
in the Solar System.
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the Fond québécois de la recherche sur la nature et les technologies.
K.K. acknowledges funding through a NSERC Discovery Grant.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.2010.
07.002.

REFERENCES

Ader M., Cartigny P., Boudou J.-P., Oh J. H., Petit E. and Javoy
M. (2006) Nitrogen isotopic evolution of carbonaceous matter
during metamorphism: methodology and preliminary results.
Chem. Geol. 232, 152–169.
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