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Abstract

The study of very ancient microfossils has recently raised contentious issues regarding interpretation of the biogenicity
of the structures. In situ investigation of certain elements such as sulfur within potential microfossils is a powerful com-
plement to other methods of investigation that can provide valuable information on biogenicity. We present here a first
such study on Precambrian microfossils from the 700–800-My-old Neoproterozoic Draken Formation, Svalbard, using
scanning X-ray microscopy (SXM) in the fluorescence mode and X-ray absorption near edge spectroscopy (XANES) at
the sulfur K-edge. SXM allowed mapping of up to 300 ppm of probably endogenous sulfur within the kerogenous walls
of Myxococcoides chlorelloidea microfossils. XANES showed that the sulfur is most likely contained in heterocyclic
organic compounds, such as thiophene(s).
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The identification and study of microfossils in
Precambrian sedimentary rocks is still challenging,
despite its importance in the resolution of critical
scientific issues such as reliably establishing the
appearance of life on Earth and the onset of differ-

ent biogeochemical cycles. One of the major difficul-
ties results from the very small size of the structures
(lm to sub-lm) and the difficulty in correlating the
morphological and biochemical characteristics of
such minute fossils (Buick, 1990; Schopf, 1993; Bra-
sier et al., 2002; Schopf et al., 2002). Since it is prin-
cipally the wall or sheath of the microorganism that
is preserved (Knoll, 1982; Westall, 1997), only a
very tiny fraction of the chemical information pres-
ent in the original cell has the potential of being
partly transformed into kerogen during diagenesis.

0146-6380/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.orggeochem.2007.10.008

* Corresponding author. Tel.: +33 (0)2 38 25 79 12; fax: +33
(0)2 38 63 15 17.

E-mail address: westall@cnrs-orleans.fr (F. Westall).

Available online at www.sciencedirect.com

Organic Geochemistry 39 (2008) 188–202

www.elsevier.com/locate/orggeochem

Organic
Geochemistry



Whereas whole rock analysis of Precambrian rocks
provides bulk information on the totality of the car-
bonaceous material in a sample, including the allo-
chthonous and reworked organic fractions, in situ
analysis at the micron scale is required to obtain
specific information on a given microfossil and to
detect any elemental, molecular or isotopic differ-
ences in the microfossil population.

Over the last few years, significant advances have
been made in obtaining in situ carbon data on indi-
vidual Precambrian fossilized cells, for example,
micro-isotopic measurements made on the walls of
large microfossils with an ion microprobe (House
et al., 2000), lm -scale carbon mapping with an elec-
tron microprobe (Boyce et al., 2001), as well as
in situ organic analysis with laser micropyrolysis
gas chromatography–mass spectrometry (GC–MS;
Arouri et al., 2000), laser Raman microspectroscopy
(Arouri et al., 2000; Schopf et al., 2002), Fourier
transform infrared spectroscopy (FTIR; Marshall
et al., 2005) and C-XANES (X-ray near edge spec-
troscopy of carbon). C-XANES has already been
successfully used in the analysis and imaging of fos-
sil material such as permineralized plant fossils of
Devonian age (Boyce et al., 2002) or coal (Cody
et al., 1996). In this study, we show that the
in situ characterisation of sulfur using XANES at
the K-edge can lead to novel and complementary
results. S K-edge XANES was first shown to be
an efficient probe for S-containing metabolites in
intact biological systems on human blood (Picker-
ing et al., 1998; Rompel et al., 1998).

Compared to carbon, little in situ work on sulfur
at the micron scale has been done, although sulfur is
the fifth most abundant element in planktonic cells
and the third most abundant in sedimentary organic
matter (OM; Tissot and Welte, 1984). Whereas liv-
ing biomass generally contains between 0.5% and
1.5% sulfur, kerogen derived from marine OM
may contain up to 10% owing to the adsorption of
allochthonous S to the kerogen (Summons, 1993).
The important role of sulfur in the formation and
preservation of fossil sulfur-rich OM was estab-
lished on the basis of analysis of organic extracts
from whole rocks (Durand and Monin, 1980; Whe-
lan and Thompson-Rizer, 1993). By forming inter-
molecular sulfur bonding (single, double or
polysulfide links) and sequestering organic material
inside a macromolecular network, sulfur stabilizes
labile compounds such as lipids, thereby prolonging
their lifetime in the geological record (e.g., Kohnen
et al., 1990). Advances in macroscopic S L-edge

XANES and, to a lesser extent, S K-edge XANES
methods offer a way of directly investigating the
organically bound and inorganic sulfur forms in
complex fossilized organic material. These methods
have been applied to describe maturation vs. S spe-
ciation in sulfur-rich kerogen, asphaltenes, petro-
leum, coals and oil shales (see Fleet, 2005;
Kelemen et al., 2007 for a review of applications).
In particular, S K-edge XANES studies (Sarret
et al., 1999) showed that, with increasing alteration,
the proportion of disulfide and sulfide species
decreases in asphaltene, whereas that of the most
oxidized sulfur species increases. They also demon-
strated that, regardless of kerogen type, the ratio
of aliphatic to total organic sulfur decreased con-
comittantly with aromatic carbon as the level of
maturity increased (Kelemen et al., 2007). In gen-
eral, the intimate coexistence of minute amounts
of organic, and major amounts of inorganic, sulfur
species dispersed in the mineral matrix (Whelan and
Thompson-Rizer, 1993; Acholla and Orr, 1993)
implies that in situ studies, at a sub-micron scale,
are even more critical for sulfur than for carbon.
A few studies using in situ elemental imaging of sul-
fur have been performed on 100 lm sized, well pre-
served permineralized wood cells using an electron
microprobe (Boyce et al., 2001). The correlation
between the elementary C and S maps suggested
that sulfur had been incorporated into organic com-
pounds and it was proposed that the in situ S/C
ratio could provide an indication of the types of cell
wall compounds originally present in the living cell
(Boyce et al., 2001). A first attempt at in situ ele-
mental imaging of Precambrian cells was also made
using secondary ion mass spectrometry (nano-
SIMS), showing uncorrelated C, N and S distribu-
tions (Oehler et al., 2006). The in situ determination
of the amount and speciation of sulfur on an
organic-walled microfossil therefore appears to be
a promising approach for obtaining information
about the state of preservation of its residual OM
and about the original cell wall compounds.

In this study, our goal was to detect and quanti-
tatively characterise the sulfur distribution and spe-
ciation, if any, in the carbonaceous wall of
individual Precambrian microfossils (Myxococco-

ides chlorelloidea) from the 700–800 My-old Draken
Formation on Spitzbergen. Given the small amount
of S and the micron-scale thickness of the microbial
walls, one of the most promising techniques for
achieving this goal is the combination of in situ X-
ray fluorescence microscopy with X-ray absorption
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near edge spectroscopy (XANES) at the sulfur K-
edge using a micro-focussed synchrotron X-ray
beam (Susini et al., 2002; Prietzel et al., 2003). Qual-
itative scanning X-ray microscopy (SXM) has been
applied to search for S bound to organic molecules
(thiol and alkyl monosulfide) in recent, single pro-
karyotic cells (Lemelle et al., 2003). In that study,
an Escherichia coli cell was imaged as a micron-sized
rod containing more phosphorus than S, with a
XANES spectrum characterized by a strong peak
attributed to the absorption edge of an amino
acid-linked S species. The same technique permitted
imaging of the distribution of structures interpreted
as probable terrestrial microorganisms that contam-
inated the surface of the Tatahouine meteorite
(Lemelle et al., 2004). Using the same methodology,
amino acids were detected in SiO2 filaments from
fossil hydrothermal chimneys a few thousand years
old (Foriel et al., 2004). Our SXM study at the
S K-edge of 700–800 My-old microfossils differs
from earlier studies in that the refractory macromo-
lecular organic complex has undergone diagenesis
and hundreds of millions of years of post-diagenetic
alteration, processes inducing critical changes in the
mineral and organic phases that are eventually
responsible for the difficulties in the recognition of
very ancient and/or metamorphosed Precambrian
microfossils (Buick, 1990).

2. Materials and methods

2.1. Sample and preparation

2.1.1. Draken Formation microfossils

The microfossils come from the well character-
ized 700–800 My-old Draken Formation on Spits-
bergen, a conglomerate formed in a tropical tidal
flat/lagoonal setting (Knoll, 1982; Knoll et al.,
1991). The mainly dolomitic conglomerate contains
siliceous clasts formed in situ within the sediment.
The formation contains some 28 different species
of microfossils (Knoll, 1982; Knoll et al., 1991),
representing both components of local microbial
mats as well as allochthonous photosynthetic plank-
tonic cells washed into the depositional area. We
chose the vesicle-like microfossil Myxococcoides,
described by Knoll (1982) and Knoll et al. (1991)
as probably belonging to a planktonic photosyn-
thetic species of unidentified affinity (either prokary-
otic cyanobacterial or eukaryotic algal). These well
preserved microfossils occur either isolated or in
groups in both the silicified microbial mats and

the dolomicrite clasts. The ca. 20 lm diameter cells
we studied occur in redeposited cherty clasts in the
conglomerate (Figs. 1A, 2A and 4A) and are char-
acterized by a conspicuous, 1–2 lm thick, dark
brown wall in light microscope thin section observa-
tion. Occasionally, they contain round internal ves-
icles and sometimes an eccentric internal wrinkled
bleb. Small pyrite crystals (many having a framboi-
dal habit) are associated with the microfossils in the
silicified clasts. The carbon isotope signal of �28‰
is typical for photosynthetic fractionation, whereas
the sulfur isotopes, measured on the associated pyr-
ite crystals, reflect sulfate reduction (Knoll, 2003).

2.1.2. Petrological section preparation

A set of polished, 30 lm thick sections were pre-
pared from the fossiliferous conglomerate. Sections
containing silicified clasts, which contain the best
preserved microstructures, were studied. Pre-selec-
tion of the microfossils was made with a petro-
graphic microscope (transmitted and reflected
light, Olympus BX51) and the selected microfossils
were carefully characterized using optical micros-
copy. Two clasts containing microfossils identified
as Myxococcoides chlorelloidea by Knoll (1982)
and Knoll et al. (1991) were selected for study. A
circle was engraved around each microfossil on the
surface of the polished sections for location pur-
poses, using a special objective equipped with a dia-
mond tip (Leica M25). The sections were gently
etched in S-free HF (1%, 40 min) to remove a few
tens of nm of the surface, as well as laboratory sur-
face contaminants. The etched sections were care-
fully washed with ultra-pure water in multiple
baths for 5 h and finally dried in a vacuum chamber.
Non-etched thin sections were also analyzed to ver-
ify that the etching did not introduce artifacts or
contaminate the fossil OM. The presence of organic
carbon in Myxococcoides chlorelloidea cells (exhibit-
ing a brownish color in light microscopy) was con-
firmed using micro-Raman spectrometry and EDX
with a scanning electronic microscope (SEM; Lab-
rot, 2006). To aid location and detect surface con-
tamination, the selected microfossils were scanned
with an atomic force microscope (Nanoscope IIIa,
D3100 Digital Instruments). A part of the fossilifer-
ous thin section was Pt coated and imaged using
SEMs equipped with an energy dispersive X-ray
spectrometer (Hitachi S4200/S4500 FEG-SEM at
the University of Orléans and ZEISS DSM 982
Gemini at the Faculty of Medicine, University of
Tours). A 1 cm2 section of the petrographical
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section enclosing the microfossils was cut from the
non-Pt coated portions of the fossiliferous thin sec-
tions for focussed ion beam sectioning (FIB).

2.1.3. FIB section preparation

A section normal to the cell wall of a Myxococco-

ides chlorelloidea was made with a 20 keV Ga Phi-
lips FIB 200 TEM instrument at the Centre
Pluridisciplinaire de Microscopie Electronique et
de Microanalyse at the University of Marseille.
The thin sections were coated with a thin layer of
Au (4 nm) to permit secondary electron imaging
and to avoid charging at the surface caused by the
ion beam. The microfossils were located using the

circles made with the diamond tip and the AFM
images. A 1 lm Pt layer was deposited on top of
the section surface in order to protect it from Ga+

sputtering damage. The sectioning process by sput-
tering was monitored using secondary electron
imaging. The 100 nm ultra-thin section was depos-
ited on to a carbon film-coated, 3 mm diameter
Cu-TEM grid using a micromanipulator.

2.2. Analytical procedure

2.2.1. SXM set-up

With a 2–7 keV energy range, the ID21 scanning
X-ray microscope (SXM) of the European Synchro-

Fig. 1. Cluster of Myxococcoides in 700–800 My-old Draken conglomerate from Svalbard. (A) Optical microscope image in transmitted
light of a cluster truncated at the surface of the thin section. The main cell (I) located in the centre of the image, 23.5 lm in diameter, is
Myxococcoides chlorelloidea (Knoll, 1982; Knoll et al., 1991). The organic wall has been disrupted by a vein filled with secondary quartz.
This cell has an internal vesicle and is flanked by other cells, II–IV; scale bar 10 lm. (B) Fluorescence map obtained at 2.5 keV of Si
distribution showing depletion corresponding to the carbon rich wall of microfossil (I); scale bar 5 lm. (C) Fluorescence map obtained at
7.2 keV, integration time 3 s per pixel, showing distribution of Fe, located only in pyrite crystals (white arrows); scale bar 5 lm.
(D) Fluorescence map obtained at 2.5 keV, integration time 3 s per pixel, showing distribution of S in both pyrite crystal and organic wall
of microfossils I–IV. White arrow indicates lower pyrite crystal in image C. Black cross indicates area selected for S K-edge micro-XANES
analysis; scale bar 5 lm.
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tron Radiation Facility (ESRF) in Grenoble (Susini
et al., 2002) is a unique tool for microspectroscopy
at the sulfur K-edge, attaining high spatial (0.5 lm)
and spectral (0.25 eV) resolution. It was operated at
around 2472 eV, close to the sulfur K-edge. The har-
monics rejection was ensured by a set of two parallel
silicon mirrors deflecting in the horizontal plane with
an incident angle of 8 mrad. The energy scan was per-
formed with a fixed exit, double crystal Si(1 11)
monochromator providing a spectral resolution of
0.25 eV in this configuration. A tantalum Fresnel
zone plate lens was used for focussing, demagnifying
the X-ray source to generate a 0.5 � 0.3 lm spot (hor-
izontal � vertical) with a photon flux of 4 � 108 pho-
ton s�1. Microfluorescence maps were also obtained
at the Fe K-edge at around 7112 eV with a compara-
ble set up.

The sample was positioned at an angle of 60� (90�
between beam and fluorescence detector axis) with

respect to the incoming beam. It was mounted on
a mechanical sample stage combining a stepper
motor equipped stage (10 � 10 mm2) for coarse
sample positioning and a piezoelectric stage
(100 � 100 lm2) for accurate scanning of the
selected area. The selected clasts in the 30 lm thick
petrographical sections were centered in the hole of
a high purity plastic sample holder (Peek, free of Fe
and S traces). The FIB cuts mounted on TEM grids
were held between 4 lm thick Ultralene foils. Pre-
alignment of every sample was ensured using the
light video-microscope located inside the X-ray
microscope chamber.

2.2.2. Fluorescence imaging and XANES at the ID21

beamline

Elemental composition maps were obtained by
raster scanning of the sample in order to acquire a
two-dimensional (2D) image point-by-point. The

Fig. 2. Myxococcoides chlorelloidea cell in Draken conglomerate. (A) Optical microscope image in transmitted light of a 24 lm
Myxococcoides chlorelloidea cell (white arrow). Note the black pyrite crystals associated with organic wall and in adjacent matrix, as well
as interruption of wall in the bottom; scale bar 20 lm. (B) Same fossil (white arrow) in reflected light showing position of two pyrite
crystals (I and II, black arrows); scale bar 20 lm. (C) AFM image in contact mode of cell in (A) exposed at upper surface of polished thin
section. Black arrow points to pyrite crystal II; scale bar 5 lm. (D) Fluorescence map obtained at 7.2 keV, integration time 4 s per pixel,
showing distribution of Fe, located only in pyrite crystals I and II; scale bar 5 lm. (E) Fluorescence map obtained at 2.5 keV, integration
time 3 s per pixel, showing distribution of S in both pyrite crystal and organic wall (white arrow). Note the absence of S in the area
indicated by a black arrow, which corresponds to interruption of organic wall. Black cross indicates area selected for S K-edge XANES
analysis; scale bar 5 lm. (F) Fluorescence map obtained at 2.5 keV showing distribution of Si and depletion corresponding to pyrite grain
and carbon rich wall; scale bar 5 lm.
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fluorescence photons emitted by the sample were
collected with an energy-dispersive high purity Ge
detector (Princeton Gamma-Tech) with an energy
resolution FWHM of 135 eV (MnKa line),
mounted in the horizontal plane at 90� to the beam.
This geometry minimizes the inelastic scattering
contribution to the fluorescence spectrum, which
may decrease the signal/noise ratio. In order to
detect fluorescence from low Z elements, the micro-
scope was operated under vacuum. The count rate
was kept below 5000 counts s�1. For each pixel of
the image, a full fluorescence spectrum was
recorded, allowing off line reconstruction of maps
for several elements in the sample. Mapping was
recorded with incident beam energy of 7 keV and
2.5 keV respectively. Before mapping at high spatial
resolution and high counting rate (steps of 0.5–2
lm, counting time of 2–5 s), mapping at low resolu-
tion and low counting rate (steps of 5 lm, counting
time of 300 ms) was performed to select the most
suitable cell in the 100 lm � 100 lm scanned areas.

For semi-quantitative S analysis, a 3-mm thick
multi-element reference target (silica-rich glass
SRM 620 standard from the NIST) was used as
the matrix compositional reference material. SO3

concentration was 0.28 wt%, with an uncertainty
of 0.02 wt%. The glass had the following composi-

tion: SiO2 72.08 ± 0.08, Na2O 14.39 ± 0.06, CaO
7.11 ± 0.05, MgO 3.69 ± 0.05, Al2O3 1.8 ± 0.03,
K2O 0.41 ± 0.03, SO3 0.28 ± 0.02, As2O3 0.056 ±
0.003, Fe2O3 0.043 ± 0.004, TiO2 0.018 ± 0.002
wt%. The spectra were processed with a non-linear
least squares fitting software, PyMca, developed at
the ESRF: (http://www.esrf.fr/computing/bliss/
downloads/index.html#PyMca) for subtracting the
background and calculating the Ka net peak areas.
The net peaks were converted to intensity by nor-
malizing with the incident beam intensity. Charac-
teristic spectra for the cell wall and surrounding
matrix were obtained by either averaging the few
spectra collected on positions selected after mapping
the cell, or by off-line averaging of the spectra of
interest from a reconstructed map with the ESRF
Artemis software (http://www.esrf.fr/computing/
bliss/downloads/index.html#Artemis).

For S speciation, the energy was scanned
between 2450 eV and 2530 eV in 0.2 eV energy steps
and 1s dwell time. The ID21 SXM was first used in
unfocussed mode, i.e. using simply a 200-lm pin-
hole, on standard compounds for energy calibration
of the monochromator. All energy values were mea-
sured with respect to the position of the white line
(s ? p transition peak) of the S K-edge spectrum
of CaSO4, which was assigned an energy of

2465 2470 2475 2480 2485 2490

Energy (eV)

( I
 / 

I o ) 
no

rm
al

iz
ed

 in
 A

.U
.

Methionine

DBT

Pyrite

S-wall

2.4738 keV2.4719 keV

A

2465 2470 2475 2480 2485 2490
Energy (eV)

Thianthrene

DBT

PPT

Methionine

Glutathione

Phenylene
Disulfide

2.4738 keV2.4719 keV

( I / Io  ) norm
alized  in A.U

.

B

Fig. 3. Micro-XANES sulfur K-edge spectra obtained from pyrite crystal II in Fig. 2(E) associated with Myxococcoides chlorelloidea cell
wall and from the junction of two spherical cells in Fig. 1(D) (S-wall). Energy corresponding to white line peak of organic S compound is
2473.8 eV, a 2 eV difference vs. inorganic sulfide (pyrite grain), the main form of S in the sample. Comparison with standards (Fig. 3b)
shows most likely candidate for organic S to be heterocyclic sulfide (dibenzothiophene, DBT).
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2482.5 eV. Representative S compounds (Sigma
Inc.) in various oxidation states were used as stan-
dards (Table 1): inorganic sulfide (pyrite), thiol (glu-
tathione), alkyl monosulfide (methionine), alkyl
disulfide (cystine), aryl monosulfide (polyphenylene
sulfide), aryl disulfide (phenylene sulfide), heterocy-
clic sulfide (dibenzothiophene and thianthrene) and
sulfate (CaSO4). Micro-XANES spectra were also
collected from selected locations within the cell
walls of the microfossils and on pyrite crystals
within the sample. To verify that potential photore-
duction effects were negligible, the final XANES
spectra were obtained by summing several low inte-
gration time spectra. Each XANES spectrum was
processed as follows: the spectra obtained were first
corrected for I0, the incident beam intensity before
the sample. This compensates for the slow decay

of the intensity of the electron beam in the storage
ring and possible rapid fluctuation in intensity dur-
ing spectrum acquisition. The region below the edge
was fitted by a straight line which was subtracted
from the spectrum to flatten and bring the baseline
to zero. The spectrum was then normalized to the
height of the edge jump and reported in arbitrary
units.

3. Results

3.1. Fluorescence mapping

The X-ray fluorescence map of Fe at 7.2 keV
shows that iron is only located within pyrite crys-
tals (Figs. 1C and 2D), which were later identified
from their micro-XANES spectra at the S K-edge,

Fig. 4. A cluster of Myxococcoides cells in 700–800 My-old Draken conglomerate from Svalbard. (A) Myxococcoides chlorelloidea image
with an optical microscope in transmitted light. The cell indicated by the dark arrow is 14 lm. The dark brown organic wall is readily
visible; scale bar 20 lm. (B) Fluorescence map obtained at 2.5 keV of distribution of S, highlighting S-bearing carbonaceous wall. The
energy peak of Pt being very close to the peak of S, the Pt coating is also visible; scale bar 5 lm. (C) Fluorescence map obtained at 2.5 keV
of Pt distribution, showing thin coat of Pt on surface of section; scale bar 5 lm (D) Close-up of fluorescence map at 2.5 keV, showing S
(upper) and Si distribution (lower). White arrows indicate depletion corresponding to carbonaceous wall of microfossil (scale bar 2.5 lm).
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exhibiting a white line peak at 2472 eV (Fig. 3).
The pyrite crystals are commonly dispersed in
the silica matrix and are also frequently closely
associated with individual microfossils. However,
Fe was not detected either inside the cell or in
the walls, regardless of the integration time used.
The X-ray fluorescence map of S at 2.5 keV over
long integration times (a few seconds per pixel)
on both petrographical and FIB preparations indi-
cates that, although S is highly concentrated in
pyrite, small quantities were also present in the
walls of the microfossils (Figs. 1D and 2E). Since
no Fe was detected in the cell walls, we conclude
that the S there was not linked with Fe and there-
fore this element occurred in a form different from
that in pyrite. The corresponding X-ray fluores-
cence maps of Si show depletion in the carbon
rich wall of microfossils, both in the petrographi-

cal preparations and in the FIB preparations
(Figs. 1B and 2F).

3.2. XANES analysis

S K-edge spectra were obtained from spot analy-
sis of the carbonaceous walls of the microfossils
(Fig. 3a). S K-edge spectra of standards are re-
ported in Fig. 3b, the energy values of the white line
peaks of the standards being reported in Table 1.
The energy corresponding to the white line peak
of the S compound in the cell wall presented a posi-
tive 1.9 eV difference from that of the inorganic
sulfide (pyrite grain), the other form of S in the sam-
ple. Within the 0.25 eV energy resolution and after a
calcite calibration, we verified that the pyrite peak
energy values are identical, 2471.9 eV, in both the
focussed and unfocussed experiments. Given this

Table 1
White line peak energy in XANES spectra of different S compounds measured at the ID21 Beamline of the European Synchrotron
Radiation Facility for reduced compounds (1) or derived from the literature data (Prietzel et al., 2003) for oxidized compounds (2)

S form Formula Oxidation state Compound White line peak energy

Elemental S S 0
Inorganic sulphide S2�

2 �1 Pyrite 2471.9 eV (1)

Alkyl-disulfide +0.2 Cystine 2472.5 eV (1)

Aryl-disulfide +0.2 Phenylene disulfide 2472.5 eV (1)

Thiol +0.5 Glutathione 2473.2 eV (1)

Alkyl-monosulfide +0.5 Methionine 2473.3 eV (1)

Aryl-monosulfide +0.5 Poly-phenylene sulfide (PPT) 2473.5 eV (1)

Thiophène +1 Dibenzothiophene (DBT) 2473.9 eV (1)

+0.5 Thianthrene 2474.3 eV (1)

Sulfoxyde +4 2475.8 eV (2)

Sulfone +5 2480.2 eV (2)

Sulfonate +6 2481.3 eV (2)

Sulfate +6 CaSO4 2482.5 eV (1,2)
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calibration, the energy corresponding to the white
line peak of the S compound in the cell wall is
2473.8 eV.

3.3. Quantitative analysis of S in microfossil walls

Direct empirical XRF analysis was made by com-
paring the same fluorescence intensity ratios for the
standard and sample. For two thick multi-element
samples subjected to a monochromatic incident
beam of energy E0, the ratio R can be estimated
from the Sherman equation (1) (Sherman, 1954),
provided only the primary absorption is taken into
account and all the instrumental parameters are
very close for the two samples. This ratio can thus
be calculated using the following equations:

R ¼ clF
S
=clF

Si

cst
S
=cst

Si
¼ IlF

S
=IlF

Si

Ist
S
=Ist

Si
� llF

M
ðESiÞ=llF

M
ðESÞ

lst
M
ðESiÞ=lst

M
ðESÞ
� F

F ¼ 1þ llF
M
ðE0Þ=llF

M
ðESÞð Þð Þ= 1þ llF

M
ðE0Þ=llF

M
ðESiÞð Þð Þ
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M
ðE0Þ=lst

M
ðESÞð Þð Þ= 1þ lst

M
ðE0Þ=lst

M
ðESiÞð Þð Þ

8><
>: ð1Þ

where clF
i and cst

i represent the weight concentration
of the element i (in this particular case, we consider
the element of interest S and the main matrix com-
ponent Si) analyzed from the microfossil (lF) and
from the standard (st), IlF

i and I st
i are the back-

ground-corrected fluorescence intensities of the ele-
ment i from the sample and the standard, llF

M ðEiÞ
and lst

MðEiÞ are the total mass attenuation coeffi-
cients of the matrix of the microfossil and of the ref-
erence matrix at the characteristic line energy of
element i, respectively, at the incident beam energy
E0.

The most representative background-corrected
fluorescence intensities for Si, IlF

Si , and S, IlF
S , emit-

ted by the wall of one cell were determined by test-
ing different analytical approaches (Table 2). The
first two methods consist in averaging the number
of photon counts recorded on n positions selected
in a zone previously marked out at the lm scale.
Raw accumulated counts are obtained on-line from
three non-overlapping spectral regions of interest
(ROIs) of 80 channels each. The ROIs for the Si
and S fluorescence were centred on the characteris-
tic Ka lines. The ROI for the background was
located between the Si-ROI and S-ROI, where no
elemental fluorescence was detected. The counting
time, s, is 3 s for the first method and 300 s for the
second. The optimal third method for quantification
of the photon counts emitted by a lm sized portion
of the cell wall was achieved by analyzing the fluo-
rescence of one unique representative spectrum with T
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the PyMCA software. Such a spectrum is calculated
off line with the Artemis software by averaging spec-
tra collected for a short counting time, s, of 3–5 s
from an area of interest selected from a recorded
spectral map. In general, the two first methods are
less satisfactory than the third because of the sub-
lm spatial instability of the sample between the
acquisition of the preliminary map and the reposi-
tioning of the beam on the wall (compare r in Table
2). In this respect, the second approach using spec-
tra obtained during long acquisition times is even
less satisfactory than the first method. This instabil-
ity leads to imprecise selection of the irradiated
zone, more intense spectral variability and so to
final greater variance. The minimal amount of an
element, such as S, in the samples, that can be
detected within a characteristic counting time for a
given experimental set-up can be defined as follow-
ing in the range of trace analysis (Mantler, 2006):

CDL
S � 3

b

ffiffiffiffiffiffiffiffiffi
NBG

p
ð2Þ

where NBG is the number of the background photons
in the measured total number of photons from the S-
peak and b is the proportionality factor between the
sum of the characteristic S-photons and the mass
fraction of sulfur. The lowest detection limit for S cal-
culated for a 3 s counting time on the SRM620 matrix
is estimated to be about 10 ppm.

In order to apply the Sherman equation, the
validity of the approximation of ‘‘thick samples”

for the petrographical slices and the reference silica
matrix was first verified. The transmission % vs. depth
was calculated for the incident beam, T EiðzÞ, and for
the excited fluorescence of S and Si, T EeðzÞ, with the
‘‘X-ray interaction with matter” calculator of
the CXRO (Center for X-ray Optics) web site
(http://www-cxro.lbl.gov/optical_constants/filter2.
html) (Henke et al., 1993). We define the probed
thickness of the sample, dp, as the thickness produc-
ing more than 99% of the S-photons (or Si-photons).
This thickness was then estimated as follows:

R dp

0
T EiðzÞ � T EeðzÞ � dzR l

0 T EiðzÞ � T EeðzÞ � dz
� 99% ð3Þ

where l is the depth from which less than 1‰ of the
fluorescence of S escaped the sample. Distance ob-
tained herein is overestimated, given that the reflex-
ion geometry of the instrumental set up is not taken
into account. These depths (Table 3) are inferior in
all cases to the real thicknesses of the studied slices,

ds. The density and the total mass attenuation coeffi-
cients of the two studied matrices, m, deduced by fit-
ting the transmittance vs. depth, are reported in Table
3. The combination of the fluorescence intensity ratio
(Table 2) with the mass attenuation coefficient (Table
3) and the formula (1) allows estimation of the range
of values of R for the wall of the microfossil at be-
tween 0.16 and 0.22. Given that the value of the ratio
of the S and Si weight compositions for the reference
matrix is 3.3 ± 0.3 � 10�3, an approximate S/Si
weight ratio for the walls is estimated as 0.8 � 10�3.
The S content detected in the apparently most S-en-
riched cell walls is then 280 ± 45 ppm. The secondary
fluorescence contribution to the Si Ka intensity,
excited by an S-Ka is proportional to the Si and S
concentrations. Therefore, the effective Si secondary
fluorescence is higher in the reference matrix than in
the microfossil matrix. In conclusion, the S content
in all the imaged cellular walls must be > 10 ppm
(MDL) and < 280 ppm.

In comparison, the S content in the cell wall calcu-
lated using the same approach for the FIB sections is
five times greater. The overestimation of the S content
is consistent with the lower reabsorption of S fluores-
cence relative to Si in the first hundred nm below the
surface. It is also consistent with a wall matrix com-
posed of carbonaceous matter being less dense than
the silica matrix. In both cases, it indicates that this
particular sample preparation requires the develop-
ment of a different semi-quantitative approach.

4. Discussion

4.1. Interpretation of X-ray fluorescence analysis and

S K-edge XANES as S traces in parietal thiophenic

compounds

This study represents the first attempt to quan-
tify the S content of the wall of a Precambrian

Table 3
Macroscopic properties of the silica matrix of the microfossil and
of the reference matrix (SRM620 NIST glass) required to apply
formulae (1) given in the text

Matrix of microfossil SRM620 matrix

q (g cm�3) 2.20 2.33
dp (lm) 10.7 11
ds (lm) 30 3000
lM(E0) (cm2 g�1) 935 ± 2 860 ± 2
lM(ESi) (cm2 g�1) 715 ± 2 1010 ± 2
lM(ES) (cm2 g�1) 1150 ± 2 1070 ± 2
lM(ESi)/lM(ES) 0.622 ± 0.003 0.944 ± 0.003
cS/cSi 3.3 ± 0.3 � 10�3
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microfossil. Different quantification methods were
tested and it was finally established that the detectable
S content varied between a minimum of 10 ppm and
a maximum of 300 ppm.

The XANES study permits identification of the S
observed in the wall of the microfossils as a reduced
form of organic S (formal oxidation state < +4) that
belongs, most probably, to a heterocyclic-rich type
of compound such as thiophene-like compounds.
The reasons are as follows. The white line peak
energy of the S analyzed is 2473.8 ± 0.1 eV. It is
therefore not an alkyl polysulphide (R-Sn-R, with
n > 1) since such compounds have white line peak
energy systematically less than 2472.5 eV (Chau-
vistré et al., 1997). Neither does it represent a thiol
n or an alkyl monosulfide: the white line peak
energy of glutathione and methionine studied here
occur at an energy of 2473.3 ± 0.1 eV. The values
reported by Sarret et al. (1999) for alkyl monosul-
fides vary within a 0.2 eV range, with a maximal
value of 2473.4 eV recalculated according to our
calibration based on the energy of the cystine peak
in this study. Values reported for thiophenic com-
pounds vary within a 0.5 eV range and have a min-
imal value of 2473.5 eV. The minimal energy
reported for sulfoxides is 2475.6 eV (Sarret et al.,
1999; Prietzel et al., 2003). The white line peak
energy of the S in our study at 2473.8 ± 0.1 eV is
thus significantly greater than that of alkyl sulfides
(< 2473.4 eV) and less than that of sulfoxides
(> 2474.6 eV). The white line peak energy at
2473.5 ± 0.1 eV of the polyphenylene standard, an
aryl sulfide, suggests that the S observed in the wall
of the microfossils must be enriched in thiophenic
compounds, so must belong to a thiophenic or an
aryl sulfide form, and thus to an organic heterocy-
clic-rich sulfide compound. The large, high energy
edge of the main peak and the secondary peak iden-
tified in the XANES range, 2475–2480 eV, give a
clear indication of the diversity of the thiophenic
compounds in the cell walls. However, it is still pos-
sible that other reduced forms of sulfur, such as
disulfide and alkyl/aryl sulfides, are present as
minor species but in quantities below the limit of
detection.

In conclusion, micro-imaging of sulfur Ka in the
fossilized Myxococcoides chlorelloidea cells of the
Draken Formation using the ID21 SXM, coupled
with a first attempt at quantitative analysis of the
S fluorescence and qualitative X-ray absorption
near edge spectroscopy, documents the presence of
organic heterocyclic-rich sulfide compounds, most

probably thiophenic, in the range 10–300 ppm, in
the walls of 700–800-My-old Precambrian micro-
fossils.

4.2. Implications of sulfur SXM investigations for

Draken Formation microfossils

An argument in favor of a possible endogenous
origin is the low quantity of S (10–300 ppm) in the
cell walls of Myxococcoides chlorelloidea. The rea-
sons for this are as follows: the S content measured
in the organic fractions separated from contempo-
rary unicellular organisms is generally much lower
than that in fossil OM, where the S is clearly allo-
chthonous (cf. Introduction). For example, in recent
OM, Hedges et al. (2002) estimated an organic S
contents of ca. 0.5 wt% for planktonic cells, 1 wt%
for certain proteins and negligible quantities for
the lipid and carbohydrate components (i.e.
< 500 ppm). Another study reported average ele-
mental S concentrations of close to 4000 ppm for
single marine cyanobacterial cells (Heldal et al.,
2003). On the other hand, sulfur content is generally
much higher (percent level) in kerogen (Tissot and
Welte, 1984). Although the total amount of S in
recent cells is even greater than the amount esti-
mated for the cell walls of the Myxococcoides chlo-

relloidea microfossils studied here, the 10–300 ppm
content of the microfossil is closer to that of cellular
S than to typical allochthonous S.

There are two potential explanations for the pres-
ence of endogeneous sulfur in the cell walls of
Myxococcoides chlorelloidea: either (1) it is endoge-
nous to the cell, i.e. is related to an S-containing
compound that originally formed part of the cell
wall of the living microorganism, or (2) it is of bio-
logical origin but was fixed to the degraded organic
molecules during early diagenesis. S of biogenic ori-
gin may have been incorporated into the cell wall of
the microorganism during early diagenesis and
before fossilization via the oxidative degradation
of organic molecules by bacteria, coupled with the
reduction of sulfate to sulfide by sulfate reducing
bacteria (SRB; Summons, 1993; Kohnen et al.,
1990; Wakeham et al., 1995). As there are no indica-
tions of hydrothermal activity in the environment of
deposition (Knoll, 1982; Knoll et al., 1991), the
presence of pyrite framboids in the silicified, micro-
fossiliferous clasts is an additional argument in
favor of the activity of SRB in the anoxic layers of
the shallow water sediment. Even though the
shallow water sediment and its biota were rapidly
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silicified, the presence of numerous pyrite crystals
clearly indicates that silicification took place after
the early diagenetic precipitation of pyrite.

Although the above arguments, based primarily
on the SXM analysis, weigh in favor of an endoge-
nous, organic origin for the S and the thiophenic
compounds, we cannot completely exclude a possi-
bility of an as yet unidentified (non-hydrothermal)
abiotic sulfurization process for the organic parietal
compounds. Neither is it possible to exclude a pos-
sible formation of thiophenic compounds during
diagenesis, for example by the aromatization of ini-
tial parietal non-thiophenic organics, as demon-
strated in the laboratory with thermal treatment
experiments (Sarret et al., 2002). It will be necessary
to make complementary analyses, discussed below,
to arrive at a conclusive explanation.

4.3. Implications and perspectives for Precambrian

microfossil studies

SXM investigations at the sulfur K-edge such as
the one developed in this study present numerous
advantages for Precambrian microfossil studies.
They permit the fast and non-destructive selection
of organically well-preserved, individual microfos-
sils from within a population, especially those with
cell walls characterized by low S content indicating
sulfur of endogeneous origin. By restricting the
number of samples of interest, such quantitative
XRF imaging coupled to XANES microspectrome-
try at the sulfur K-edge increases and accelerates
significantly the potential of finding important bio-
markers and of better understanding the origin of
the organic S compounds.

Minimum detection limits for sulfur Ka with
SRXRF are better than those obtained using elec-
tron probe microanalysis (EPMA) of sulfur in fos-
silized carbonaceous cells (Boyce et al., 2001).
Moreover, although minimum EPMA detection lev-
els as low as 6–8 ppm for Ka peaks of transition
metals of the first row were estimated by Fialin
et al. (1999), the experimental conditions used (total
counting time 15 min with a beam of 35 kV and
500 nA on standards but with a beam-excited area
of 80 lm2) are not relevant to the analysis of the
kinds of microstructures investigated in this study.
Thus EPMA is not suitable at present for detecting
traces of S in the 10–100 ppm range in our microfos-
sils. Apart from the advantage of the detection limit
with high spatial resolution, the hard X-rays can
penetrate to greater depth than possible with EPMA

(several lm as opposed to < 1 lm), thereby enabling
observation of micron-sized structures embedded a
few microns below the surface. Nor is it necessary
to coat surfaces with a conductive layer. Another
clear advantage of SXM is its combination with
XANES, which permits chemical speciation studies.
Although sulfur L edge is more efficient than S
K-edge XANES for overcoming uncertainty in the
determination of the reduced forms of S (Sarret
et al., 1999), the former technique requires consider-
able sample preparation (with the production of
ultra-thin slices < 800 nm for imaging purposes
and < 400 nm for quantitative spectroscopy; Cody
et al., 1996). With respect to the study of fossilized
cells, sulfur L edge analysis requires preparation of
ultra-thin sections of 100–200 by ultra-microtoming
(Boyce et al., 2002) and their demineralisation (Boy-
ce et al., 2003). Likewise, although carbon K-edge
XANES has been successfully used to study organic
compounds (Cody et al., 1996), this also requires the
preparation of ultra-thin sections. In contrast, S
K-edge XANES is rapid and can be undertaken
directly on petrological 30 lm thick surfaces with-
out further painstaking preparation.

In comparison to Nano-SIMS (Robert et al.,
2005; Oehler et al., 2006), the spatial resolution of
SXM is comparable. However, Nano-SIMS cannot
provide either a quantitative elemental map or
molecular information. On the other hand, comple-
mentary in situ C and S isotope measurements made
on a cellular scale (e.g., Kakegawa and Nanri, 2006;
House et al., 2000) would be a useful method for
studying microfossils enriched in S organic com-
pounds. In this way, it should be possible to inves-
tigate the origin and diagenetic transformations of
well-preserved Precambrian organic compounds.
Such investigations are envisaged for this sample.

Our investigation opens up important perspec-
tives for Precambrian microfossil studies in general.
For instance, further studies using the quantifica-
tion procedure employed and aimed at the precise
measurement of sulfur in the numerous taxa pre-
served in the Draken Formation (Knoll, 1982;
Knoll et al., 1991) can potentially reveal interesting
information concerning the taxonomic and tapho-
nomic history of this fossiliferous assemblage. As
an example, it would be interesting to look for S
in other microfossils from the Draken Formation,
such as the filamentous Siphonophycus (Knoll
et al., 1991). It is commonly accepted that these fil-
aments are the remnants of the sheaths of ancient
cyanobacteria. Having a polysaccharide composi-
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tion, the sheaths of these filaments may be different,
from a chemical point of view, from the wall of
Myxococcoides chlorelloidea. It is possible that this
difference, especially the relative quantity of carbon
double bonds, can be expressed in terms of differ-
ence in the concentration of S integrated into the
kerogenous wall. In given cases where an allochtho-
nous S source can be excluded, the identification
and quantification of specific S species in carbona-
ceous microfossils is a very useful biogenicity indica-
tor. Our study also shows that SXM could possibly
become an important instrument in the study of
older, more controversial carbonaceous Archaean
microstructures (e.g. Schopf, 1993; Brasier et al.,
2002; Schopf et al., 2002; Westall et al., 2006b) that
are several billion years older than the well pre-
served Neoproterozoic microfossils of clear biogenic
origin investigated here.

5. Conclusions

Being element-specific, non-destructive, sensitive
to oxidation state and applicable to small individual
microfossils without any coating, micro-XRF imag-
ing and micro-XANES analysis using scanning
X-ray microscopy (SXM) are efficient techniques
for the in situ mapping and determination of sulfur
content and species in Precambrian microfossils.
The techniques have demonstrated the presence of
trace amounts of sulfur, mainly in the form of het-
erocyclic organic sulfur compounds, in the carbona-
ceous walls of 700–800-My-old Myxococcoides

chlorelloidea cells of the Draken Formation. The
sulfur is most likely endogenous in origin, although
it is not possible to determine whether it is directly
related to specific S-rich cell components and/or
whether it was incorporated through early diagene-
sis. The presence of sulfur indicates that the organic
matter in these microfossils is relatively well pre-
served (offering potential for the preservation of
molecular biomarkers).

The study opens up perspectives for Precambrian
microfossil studies in general. Quantitative analysis
of organic sulfur can be used as an indicator of
biogenicity and can provide information regarding
the taxonomic and taphonomic history of
microfossils.
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