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profiles exist between HyPy products of Strelley Pool Chert kerogens and an oil-window-mature Mesoproterozoic kerogen from

Roper Group (ca. 1.45 Ga), which is biogenic in origin, suggesting that the Strelley Pool Chert kerogens may also be derived from
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pectra obtained from ca. 1.8 Ga microfossils from the
unflint Formation that are widely held to be biogenic

lthough the authors could not rule out an abiogenic
rigin for Warrawoona organic matter particularly since
hey noted similarities in EELS and XANES spectra with
ischer Tropsch-synthesized carbons.
Research 155 (2007) 1–23 3
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NMR spectroscopy of carbonaceous materials isolated
from the Strelley Pool Chert.

2. Geological setting
The Archaean Pilbara Craton, Western Australia, con-
sists of three granite-greenstone terrains separated by
late-tectonic clastic basins. The East Pilbara Granite-
Greenstone Terrain represents the ancient nucleus of
Research 155 (2007) 1–23

theraton. It consists of the 3.51–3.0 Ga Pilbara Super-
group of volcanic and sedimentary rocks that has been
intruded by a variety of granitic rocks dated between
3.49 and 2.83 Ga (Figs. 1 and 2, Van Kranendonk et
al., 2002, 2005). The Pilbara Supergroup consists of

four autochthonous groups. The oldest (3.51–3.42 Ga)
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ig. 2. Simplified stratigraphic column of the Warrawoona and Kel
utative fossiliferous horizons, including the Strelley Pool Chert. See

hert-barite units of the Dresser Formation that con-
ain putative stromatolites and microfossils (Walter et
l., 1980; Ueno et al., 2004); the Apex Basalt, which
ontains a chert unit that contains the controversial
icrofossils described by Schopf (1993) and Schopf et

l. (2002), that have been contested by Brasier et al.
2002, 2005) and Garcia Ruiz et al. (2003) and puta-
ive microfossils in a thin chert unit in the Mount Ada
asalt (Awramik et al., 1983). These rocks were weakly

eformed under low-grade metamorphic conditions and
nconformably overlain by the ca. 3.43–3.32 Ga Kelly
roup (Van Kranendonk et al., 2005), which consists of
basal chert-carbonate unit known as the Strelley Pool
ps of the Pilbara Supergroup, showing the stratigraphic position of
further description.

Chert, and the conformably overlying Euro Basalt and
Wyman Formation and Charteris Basalt. The Strelley
Pool Chert, denoted as SPC, contains putative stromato-
lites deposited in a shallow marine environment (Lowe,
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exciting laser beam, spectra were recorded from 2 to
10 different points in each sample to check the rep-
resentative nature of the spectra. The Raman spectra
were acquired on a Renishaw Raman Microprobe Laser
Raman Spectrometer using a charge coupled detector.
The collection optics are based on a Leica DMLM micro-
scope. A refractive glass 50× objective lens was used to
focus the laser onto a 2 �m spot to collect the backscat-
tered radiation. The 514.5 nm line of a 5 W Ar+ laser
Research 155 (2007) 1–23
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nd quantified to ensure that trace organic contamination
evels were acceptably low.

.8. Gas chromatography (GC) and gas
hromatography–mass spectrometry (GC–MS)

Gas chromatography (GC) was performed with a
ewlett-Packard HP6890 gas chromatograph fitted with
flame ionization detector (FID) and a Chrompak CP
il 5CB capillary column (60 m × 0.32 mm i.d., 0.25 �m
lm thickness) using He as a carrier gas. The GC oven
as programmed at 60 ◦C (2 min), heated to 315 ◦C at
◦C min−1, with a final hold time of 25 min. Selected
ydrocarbon products in total hydropyrolysates were
uantified relative to the C22 branched alkane standard,
-methylhenicosane, from relative peak areas.

Compound detection and identification was per-
ormed by GC–MS in full-scan mode on a Hewlett
ackard HP6890 gas chromatograph interfaced to a
icromass AutoSpec Ultima magnetic sector mass spec-

rometer. GC separation was performed on a J&W
cientific DB-1MS capillary column (60 m × 0.25 mm

.d., 0.25 �m film thickness) using He as carrier gas.
amples were injected in splitless mode at 300 ◦C. The
ven was programmed from 60 ◦C (held for 2 min) to
50 ◦C at 10 ◦C min−1, then at 3 ◦C min−1 to 315 ◦C
nd held isothermal for 24 min. The source was oper-
ted in electron ionization (EI) mode at 70 eV ionization
nergy at 250 ◦C. The AutoSpec full-scan rate was
.80 s/decade over a mass range of 50–600 Da and a

elay of 0.20 s/decade. Peak identification was based
n retention times and mass spectral comparisons with
uthenticated standards and well-characterized aromatic
ractions of coal tar and crude oil (e.g., Kruge, 2000, and
eferences therein).

ig. 4. Sedimentary fabric of representative sample thin sections. (A) Sample
arbonaceous grains and particles in the chert matrix. Scale = 0.5 cm. (B) Sam
lots distributed among rounded silicified grains, such as the large pale grain
Research 155 (2007) 1–23 9

3.9. Gas chromatography–isotope ratio mass
spectrometry (GC–IRMS)

Compound-specific stable carbon isotopic com-
positions were measured on a Finnigan Delta + XL
isotope-ratio-mass spectrometer coupled to an Agilent
6890 GC via the Finnigan combustion interface held at
850 ◦C with a constant oxygen trickle. Extracts were sep-
arated using a J&W DB-5 MS 30 m capillary column
with 250 �m diameter and 0.25 �m film thickness. The
oven temperature program for aromatic fractions was as
follows: 40 ◦C (0.5 min) ramp to 90 ◦C at 20 ◦C min−1

(2 min hold) ramp to 290 ◦C at 3 ◦C min−1 then ramp
to 320 ◦C at 20 ◦C min−1 (10 min hold). Samples were
evaluated using injections of square peaks of CO2 of
known isotopic composition. Due to the complexity of
the chromatograms external standards of known iso-
topic composition were used to estimate error. Error,
reported as the root-mean-square error, for 16 individ-
ual n-alkanes was 0.23‰ for theses analysis. The pooled
standard deviation for aromatic fractions was 0.75‰.

4. Results and discussion

4.1. Petrography

All samples except 1904-11 have a laminated fabric
(Fig. 4A), which arises from the preferential align-
ment of sub-millimetre-sized carbonaceous clots and
clasts in a matrix of polygonal microcrystalline quartz
(Fig. 4B). The four laminated rock samples come from

sedimentary beds and not from cross cutting (post-
depositional) veins. The carbonaceous clots and clasts
are part of the inherent rock fabric with clasts of sili-
cified rocks or minerals, and the lamination defined

120803-8: laminated fabric defined by the density and alignment of
ple 140803-2: carbonaceous material (black) occurring as clasts and

above centre.
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by the carbonaceous clasts is continuous to the edges
of the sample and is conformable with the larger sed-
imentary bedding. This attests to the syndepositional
origin of the carbonaceous material. In contrast, sam-
ple 1904-11 comes from cross-cutting, post-depositional
phreatomagmatic breccia matrix and displays no depo-
sitional layering. The carbonaceous material in 1904-11
occurs as evenly distributed clots and clasts in a chert
matrix. The carbonaceous material in 1904-11 is there-
fore of post-depositional origin. No microfossils, like
those described by Schopf (1993), were observed in our
samples.

The kerogen isolated from all the chert samples is
black, consistent with the samples having been subjected
to a thermal history exceeding 250 ◦C (Hunt, 1996). This
is in agreement with the thermal parameters derived
in this study and from previous studies that show the
SPC has been affected by post-depositional hydrother-
mal activity (Van Kranendonk and Pirajno, 2004).

4.2. TOC and elemental analysis

The total organic carbon (TOC) contents of the
chert samples are low and vary from 0.08 to 0.22 wt.%
(Table 1). Bulk atomic H/C ratios for isolated kerogens
vary from 0.02 to 0.46 (Table 1). For comparative pur-
poses, terrestrial semianthracite coals have H/C ratios
of ∼0.5 and cores of five or six aromatic rings, while
anthracites have H/C ratios of ∼0.3 and comprise clus-
ters of greater than 15 aromatic rings. The range in bulk
atomic H/C ratios suggests a thermal history variation
between the samples with the lower H/C ratios signi-
fying that these have been more thermally altered. Not
surprisingly, the most thermally altered sample (1904-
11) is the one sample in which the organic matter is
not syndepositional but is associated with a cross-cutting
breccia matrix.
4.3. Bulk kerogen δ13C measurements

The bulk isotopic δ13C compositions of kerogens are
summarized in Table 1. The bulk δ13C values vary from

Table 1
The total organic carbon (TOC) contents of Strelley Pool Cherts
together with atomic H/C, N/C ratios, and �13C measurements for
the indigenous organic matter in the samples investigated in this study

Samples TOC (wt%) H/C N/C δ13C (‰)

1904-11 0.22 0.02 – −34.0
1904-16 0.17 0.14 0.02 −35.0
140603-5 0.13 0.33 – −35.2
120803-5 0.08 0.46 – −28.3
120803-8 0.21 0.08 – −35.8
Research 155 (2007) 1–23

−28.3 to −35.8‰. The kerogens from the SPC are
depleted in 13C to a degree typically ascribed to biologi-
cal processes. Recently, h45.6([(C)-2-2959.6(T.08))]TJ
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ower greenschist facies metamorphism and given that
he samples have been buried for 3.4 Ga.

.5. 13C Nuclear magnetic resonance (NMR)
pectroscopy

A representative solid state 13C NMR spectrum
cquired from the isolated kerogen is shown in Fig. 5.

This is a typical CP MAS 13C solid state NMR
pectrum acquired from thermally overmature kero-
ens, in which the spectra have been collected under
ong accumulation times, but still show poor signal
o noise (S/N). The spectrum shows a resonance band
rom 100–150 ppm, centered at approximately 125 ppm
hat corresponds to the presence of aromatic carbons
hich may be protonated (linked to a hydrogen atom)
r non-protonated (most probably carbon substituted),
nd which we will refer to in total as aromatic carbon. In
ddition to the main aromatic carbon resonance, a slight
houlder can be observed at approximately 150 ppm.
his is attributed to oxygen substituted aromatic car-
ons such as phenols and phenyl ethers. At the lower
requencies between 0 and 90 ppm, there is one small res-
nance centered at approximately 65 ppm which could
e one of two possibilities: the resonance is an artifact
r the resonance could be assigned to the presence of
ethoxy (O–CH3) sp3 bonded carbon functional group.

t is more likely that this resonance at 65 ppm is an artifact
f spectral acquisition.

It is clear that, qualitatively, aromatic carbon is the
reatest constituent in the macromolecular network of

hese kerogens. The fraction of aromatic carbon (fa),

easured in this investigation for our samples varies
rom 0.90 to 0.92 (i.e., 90–92% of total carbon is aro-
atic). These fa values derived from the solid-state 13C

ig. 5. A representative solid state 13C NMR spectrum acquired from
he isolated insoluble carbonaceous material (sample 120803-8).
Research 155 (2007) 1–23 11

NMR (CP MAS) spectra are what would be expected
given the H/C ratios obtained (0.02–0.46) from these
samples. The H/C ratio’s <0.5 suggest that the macro-
molecular network consists of very large PAH clusters
on average (>15 aromatic rings), which is in agree-
ment with the fa values. Furthermore, these fa values
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Fig. 6. Stacked Raman spectra are shown for the carbonaceous
material isolated from (a) 1904-11 and (b) 120803-8, which shows pro-
nounced absorptions at 1350 (D band) and 1600 cm−1 (G band which
is a combination of the G and D′ bands) in the first-order region and

the second-order region contains a non intense S1 band at 2700 cm−1.
Note the D band intensity is greater for the spectrum acquired from
1904-11.

which is shown by the low band intensity in the second-
order region (Lespade et al., 1982). Therefore, isolated
kerogen from the SPC consists of small crystallites with
biperoidic structure.

Minor differences in the intensities of the D band
with respect to the G band can be observed for the two
spectra. The D band intensity increases relative to the G
band intensity, and the intensity of the D4 band gradu-
ally declines. These changes may reflect the increasing
enlargement of polyaromatic structures and accompa-
nying loss of peripheral hydrogen, which occurs during
the conversion of polyaromatic structures to graphite
(Negri et al., 2002). The width and relative band areas
of the G and D lines vary with structural evolution and
thus, can be used as an index of metamorphic alteration
(e.g., Wopenka and Pasteris, 1993; Jehlicka et al., 2003;
Beyssac et al., 2002, 2003; Quirico et al., 2005 and refer-
ences therein). It can be noted that the spectrum acquired
from the isolated kerogen from sample 1904-11 has a
greater intensity of the D band, which corresponds to
a more severe thermal history. The band becomes pro-
gressively narrow and increases in height relative to the
G band, where upon increasing thermal maturity the D
band decreases again, whereas the S bands increase in
intensity representing the graphitization of organic mat-
ter. The Raman spectra obtained from these samples
reveals that the kerogen has a low degree of 2-D structural
organization and can be compared with other spectra of

carbonaceous material taken from chlorite up to biotite
metamorphic zones (e.g., Wopenka and Pasteris, 1993;
Jehlicka et al., 2003 and references therein) represent-
ing lower to mid Greenschist facies (Yui et al., 1996),
Research 155 (2007) 1–23
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arbonaceous materials; the higher the ratio, the greater
he degree of structural disorder. ID1/(ID1 + IG) values
anging from 51.8 to 57.8%, as measured in this inves-
igation, indicate structurally disordered carbonaceous

aterial. The dimensions of the graphitic domains or
olyaromatic cluster size (La) range from 32.1 to 41.1 nm
Table 2) which would suggest the graphitic domains
n these carbonaceous materials involve approximately
5–25 PNA units.

The ranges between the Raman parameters delineate
thermal trend between the samples. It can be observed

rom the H/C ratios (Table 1), ID1/IG, ID1/(ID1 + IG),
nd La (Table 2) that a thermal trend can be delin-
ated from most to least altered: 1904-11, 1904-16,
20803-8, 140603-5, and 120803-5. Fig. 7 shows cross-
lots of H/C atomic ratios versus ID1/IG, ID1/(ID1 + IG),
nd La. These cross-plots illustrate correlations between
aman parameters of measuring structural disorder of

he macromolecular network (ID1/IG and ID1/(ID1 + IG),
nd diameter of crystallite domains (La), with H/C
tomic ratios.

The carbon first-order spectra for these isolated kero-
ens are typical spectra obtained from disordered sp2

arbons, and have a similar line-shape to the spectra
cquired by Brasier et al. (2002, 2005). The results and
ubsequent interpretation clearly show that the organic
atter in the Warrawoona cherts are not graphitic as

reviously reported but are formed of nanometric pol-
aromatic domains. These results are also in agreement
ith those reported by Rouzaud et al. (2005). Geo-

hemical maturation or metamorphism of almost all
aturally occurring organic matter, whether biological
r abiological (e.g., alkanes synthesized from FTT pro-
esses) in origin, has been proposed to give rise to
imilar resultant thermally stable products—covalently
rosslinked aromatic hydrocarbons and other aromic
ubunits that that get transformed and condensed
hrough carbonization and graphitization (Lindsay et
l., 2005). So, Raman spectroscopy of over-mature
arbonaceous material cannot provide definitive evi-
ence of biogenicity by itself (Pasteris and Wopencka,
003).

.7. Catalytic hydropyrolysis (HyPy)

Fig. 8 displays representative TICs (Total Ion
hromatograms) of polyaromatic hydrocarbon (PAH)

ractions prepared from hydropyrolysates for samples

PC 1904-11 and 1904-16. For these samples, an initial
yPy treatment up to 330
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Table 4
Compound-specific stable carbon (δ13C) isotopic composition (‰ vs. PDB) of selected aromatic compounds released from high temperature HyPy
of Strelley Pool kerogens 1904-11 and 1904-16 as determined by GC–IRMS analysis

Sample Kerogen BiPh MeAceNa P FlA Py BNfur

1904-11 −34.0 n.d. n.d. −32.9 (0.04) −31.4 (1.31) −35.8 (0.12) n.d.
1904-16 −35.0 −29.3 (0.21) −31.0 (0.47) −30.5 (0.55) −29.6 (0.85) −32.9 (0.16) −31.1 (0.32)

B ; FlA, fl
t

(
u
o
1
t
1
p
(
m
b
M
2
m
C
t

iPh, 1,1′-biphenyl; MeAceN, methyacenaphthenes; P, phenanthrene
heses indicate standard deviation from 2 or more analyses.

a Average of two resolvable peaks.

7-ring PAH) coronene. While aromatic compounds of
p to 7-ring PAH could be observed in hydropyrolysate
f the 2 samples with highest H/C ratio (120803-5 and
40603-5) only 1–5 ring PAH could be produced for
he more recalcitrant kerogens (1904-11, 1904-16 and
20803-8). The total PAH profiles for SPC and Ura-
unga4 kerogens exhibit the same characteristic features
Fig. 10) and are similar to, allowing for relative thermal
aturity differences, the aromatic hydrocarbon distri-

utions reported previously from HyPy of other mature
esoproterozoic Roper Group kerogens (Brocks et al.,

003) and overmature late Archaean (ca. 2.5–2.7 Ga)
arine kerogens from the Hamersley Province, Pilbara
raton (Brocks et al., 2003; Eigenbrode, 2004). The

hermally less mature Urapunga4 aromatics, not surpris-
uoranthene; Py, pyrene; BNfur, benzonaphthofuran. Values in paren-
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Mesop
carbon
lthough
Fig. 14. m/z 85 ion chromatograms for SPC 1904-11 and Urapunga4 (
and methyl-branched alkanes (MMAs). Numbers (13–25) refer to the
the less mature Urapunga4 sample extend to higher carbon numbers, a

fied even in very low levels relative to n-alkanes by m/z

83 or 97 ion chromatograms) for SPC HyPy products
supports this interpretation. The alkanes released from
SPC kerogens are unlikely to be contaminants because
they are largely (>70 wt.%, Table 3) generated in the
roterozoic) HyPy products, showing similar distributions of n-alkanes
chain length of n-alkanes. Not surprisingly, the n-alkane profiles for
this may be at least partially a source effect.

high T HyPy step and they exhibit an unusual mature

alkane distribution unlike typical Phanerozoic petroleum
fluids. A similar carbon number distribution of alkylcy-
clohexanes (m/z 83) and methylalkylcyclohexanes (m/z
97) is observed as for n-alkanes and supports the likeli-
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