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a b s t r a c t

NanoSIMS is a relatively new technology that is being applied to ancient carbonaceous structures to gain
insight into their biogenicity and syngeneity. NanoSIMS studies of well preserved organic microfossils
from the Neoproterozoic (∼0.8 Ga) Bitter Springs Formation have established elemental distributions
in undisputedly biogenic structures. Results demonstrate that sub-micron scale maps of metabolically
important elements (carbon [C], nitrogen [measured as CN ion], and sulfur [S]) can be correlated with
kerogenous structures identified by optical microscopy. Spatial distributions of C, CN, and S in individual
microfossils are nearly identical, and variations in concentrations of these elements parallel one another.
In elemental maps, C, CN, and S appear as globules, aligned to form remnant walls or sheaths of fossilif-
erous structures. The aligned character and parallel variation of C and CN are the strongest indicators of
biogenicity.

Nitrogen/carbon atomic ratios (N/C) of spheroids, filaments, and remnants of a microbial mat suggest
that N/C may reflect original biochemical differences, within samples of the same age and degree of
alteration. Silicon (Si) and oxygen (O) maps illustrate that silica is intimately interspersed with organic
carbon of the microfossils. This relationship is likely to reflect the process of silica permineralization of
biological remains and thus may be an indicator of syngeneity of the fossilized material with the mineral
matrix.

The NanoSIMS characterization of Bitter Springs microfossils can be used as a baseline for interpreting
less well preserved carbonaceous structures that might occur in older or even extraterrestrial materials.
An example of such an application is provided by comparison of Bitter Springs results with NanoSIMS
of Archaean carbonaceous structures from Western Australia, including a spheroid in the ∼3 Ga Farrel
Quartzite and material in a secondary vein in the 3.43 Ga Strelley Pool Chert. Results reinforce a biogenic,
syngenetic interpretation for the Archaean spheroid.

NanoSIMS has several advantages in the study of ancient organic materials: the technique allows char-
acterization of extremely small structures that are present in low concentrations; organic matter does
not have to be isolated by acid treatment but can be analyzed in polished thin section; preparation is

simple; samples are minimally altered during analysis; results provide sub-micron scale spatial distri-
bution coupled with concentration information for at least five elements; the biologically important
elements of carbon and nitrogen can be assessed; and the ability to study organic remains in situ per-
mits petrographic assessment of spatial relationships between organic matter and mineral constituents.
These advantages could be of significant benefit for interpretation of poorly preserved and fragmentary
carbonaceous remains that might occur in some of Earth’s oldest samples as well as in meteorites or

roug
extraterrestrial material b
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1. Introduction

As the study of biological evolution encompasses ever older
sediments, interpretations are increasingly dependent on poorly
preserved materials. In some samples, fragmentary bits of organic
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atter may be the only materials available for analysis. While such
ragments would lack the familiar three-dimensional morphologies
ssociated with well preserved microfossils, some of those frag-
ents could be of biological derivation. Other organic fragments
ay be abiotic, formed by hydrothermal or Fischer–Tropsch type

eactions or perhaps delivered to Earth by meteorites, during the
arliest history of our planet. Consequently, it is possible that mix-
ures of biogenic and non-biogenic organic remains may co-exist in
ome of Earth’s oldest sediments, and it is of considerable impor-
ance that techniques be developed to assess biogenicity in poorly
reserved, fragmentary materials.

Studies of Archaean materials exemplify these issues. Samples
requently are poorly preserved; they also are fractured and con-
ain veins of epigenetic hydrothermal material that co-exist with
yngenetic organic remains. Their great age also allows for the pos-
ibility that biogenic organic materials might be mixed with abiotic
rganics. This complexity argues for use of analytical methods that
an be applied to individual, in situ fragments of organic matter,
here chemical characterization can be combined with determina-

ion of spatial relationships to minerals, veins, fractures, and other
rganic inclusions.

Comparable problems will arise in the search for evidence of
ife beyond Earth. Meteorites or planetary sediments brought to
arth in future missions similarly may contain organic materials
f diverse origins, including both abiotic and potentially biologi-
al derivations. In addition, contamination with terrestrial organic
atter is a major concern and identification of syngenetic materi-

ls will be critically important. Finally, even if syngenetic biogenic
aterial were abundant in an extraterrestrial sample, the chance

hat such material would be well preserved is remote. On Earth,
aleontologists search the globe for formations which might con-
ain well preserved, ancient microfossils. When such deposits are
ocated, preservation is typically erratic. Samples may be collected
rom many localities, but reasonably preserved microfossils usually
re limited to a few zones. Even in samples from these few zones,
ell preserved specimens typically constitute only a small per-

entage of the organic material present. Accordingly, it is unlikely
hat organic remains that might be found in extraterrestrial sam-
les would be optimally preserved, and assessments of the origin
nd significance of such organic constituents most probably will be
ade on poorly preserved and fragmentary specimens.
NanoSIMS is a relatively new technique that has the potential

f addressing biogenicity and syngeneity of small fragments of
arbonaceous material. Previous work, using SIMS (Secondary Ion
ass Spectrometry) has shown that stable carbon isotopic com-

osition can be determined for individual Proterozoic microfossils
nd that results have bearing on the affinities of those microstruc-
ures (House et al., 2000). In addition, Mojzsis et al. (1996) used
IMS to evaluate the carbon isotopic composition of 5 �m-sized
arbonaceous inclusions within apatite grains occurring in ∼3.8 Ga,
rchaean sediments. NanoSIMS is a Secondary Ion Mass Spectrome-

er that has been optimized for sub-micron scale spatial resolution.
arbon isotopic composition can be determined at resolutions of
00–500 nm, and chemical element distributions can be deter-
ined at resolutions approaching 50 nm. This capability to obtain

lemental and isotope data at sub-micron resolution is particu-
arly well suited to analysis of individual microstructures in ancient
ediments.

NanoSIMS additionally offers the possibility of studying organic
atter in situ, within polished thin sections, along with the ability

o analyze light elements, such as carbon and nitrogen, which are

ritical for assessment of biogenicity. Together, the advantages of
anoSIMS (small sample size, in situ analysis, sub-micron resolu-

ion, minimal sample alteration during analysis, and ability to map
iologically important elements) afford the possibility of assessing
ragments of poorly preserved organic materials, such as are likely
esearch 173 (2009) 70–78 71

to occur in some of Earth’s oldest sediments and in extraterrestrial
materials.

The first, in-depth NanoSIMS characterization of ancient organic
microfossils was carried out on well preserved microfossils from
the Neoproterozoic (∼0.8 Ga) Bitter Springs Formation of Australia
(Oehler et al., 2006). Results demonstrate elemental distributions
of undisputedly biogenic material and serve as a baseline against
which less well preserved remains can be compared. To illustrate
the applicability of NanoSIMS to assessment of poorly preserved
structures, Bitter Springs results are compared here to NanoSIMS
characterization of two Archaean carbonaceous structures from
the Pilbara of Australia: An organic spheroid from the ∼3 Ga Far-
rel Quartzite and material in a secondary, hydrothermal vein from
the 3.43 Ga Strelley Pool Chert (Oehler et al., 2008a–c).

This paper provides the first detailed report of NanoSIMS results
for an Archaean microstructure that has been considered as a
potential microfossil. Our work has concentrated on elemental
composition for carbon, nitrogen, silicon and oxygen (Oehler et
al., 2008a–c). Carbon and nitrogen are most valuable for assess-
ing organic composition and biogenicity. Nitrogen is a biologically
fixed element and rarely occurs in minerals; it, therefore, can be an
indicator of biogenicity when its distribution parallels that of the
carbon. Silicon and oxygen distributions appear to reflect silicifica-
tion of organic materials in chert, and this relationship, as described
below, provides insights into the syngeneity of the organic material.
Sulfur composition was determined but not reported here, as it may
reflect various, biological and non-biological diagenetic processes
(Oehler et al., 2006) and its relevance to biogenicity or syngeneity is
not clear. Carbon isotopic composition from NanoSIMS is similarly
not included, as initial isotopic values measured on the Archaean
materials had large error bars and the possibility that the samples
might have included minute bits of contamination (Robert et al.,
2008), is under continuing investigation.

2. Materials and methods

Analysis was performed on 30 �m thick, polished thin sections.
If the cherts were not highly fractured, they were mounted to the
glass with a mounting medium but not impregnated with epoxy.
If the cherts were fractured, they were additionally embedded in
epoxy. Blue dye was added to the epoxy to facilitate recognition of
epoxy penetration by optical microscopy in thin section. Prepara-
tion without epoxy is possible in many cherts that are not highly
fractured. Samples described herein include 1) chert, collected by
D.Z. Oehler from the ∼0.8 Ga Bitter Springs Formation (Ellery Creek
locality) of Australia; 2) chert, collected by K. Sugitani from the
∼3 Ga Farrel Quartzite (Mt. Grant locality; Sugitani et al., 2007) of
the Pilbara in Western Australia; and 3) chert, collected by A. All-
wood, from Member 4 of the 3.43 Ga Strelley Pool Chert (Allwood et
al., 2006) of the Pilbara. Member 4 is a silicified clastic/volcaniclastic
unit above the stromatolitic facies recently reported from Member
2 (Allwood et al., 2006). Rare-earth-element analyses suggest the
onset of hydrothermal activity in Member 4, and material in a vein
was used as an example of secondary, hydrothermal carbon.

Individual microstructures were located within the thin sec-
tions using optical microscopy. Specimens at the top of the section
were selected for NanoSIMS and photographed using an Olym-
pus BX60 Research, Polarizing Optical Microscope, outfitted with a
Nikon DXM 1200F Digital Camera; photomicrographs were taken in
transmitted and reflected light, and sketch maps were constructed

for use with the photographs for locating the specimens in the
NanoSIMS. Photomicrographic focal series were taken from the top
of the thin section to the base of the structures of interest in trans-
mitted light, using a 100 × oil immersion lens and Cargill type DF
immersion oil (Formula Code 1261). The thin section was subse-
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uently cleaned by ultrasonication five times with reagent-grade
thanol for 2 minutes, each time. The sample was dried in a 60 ◦C
ven for 1 h to drive off solvents and coated with about 300 Å of gold.
t was assumed that the ultrasonication procedure was adequate to
emove traces of immersion oil. This assumption is reasonable in
iew of the facts that (1) initial sputtering by NanoSIMS removes
urface contamination before data are collected, and none of the
tructures imaged resides in a crack in the thin section, where traces
f immersion oil conceivably could remain after sputtering, (2) the
anoSIMS carbon maps are mirrored by nitrogen and sulfur maps
nd thus are suggestive of sedimentary organic matter rather than
mmersion oil (which is composed only of hydrocarbons and lacks
itrogen and sulfur), and (3) there is a one-to-one correspondence
f the carbon, sulfur, and nitrogen maps with optical microscopic
mages of the kerogenous structures.

Chemical maps were produced with the Cameca NanoSIMS
0 at the Muséum National d’Histoire Naturelle in Paris, France.
sing a focused primary beam of cesium (Cs+), secondary ions of

2C−, 12C14N−, 32S−, 28Si−, and 16O− were sputtered from the sam-
le surface and detected simultaneously (multicollection-mode) in
lectron-multipliers at a mass-resolving power of ∼4,500 (M/�M).
t this mass-resolving power, the measured secondary ions were
esolved from potential interference by other ions or molecules that
all close in mass to the ions of interest. Because nitrogen is mea-
ured as CN−, it can only be detected in the presence of carbon.
mages were obtained from a presputtered area by stepping the
rimary beam across the sample surface. Presputtering is done to
lean the surface of contaminants before analysis, remove the con-
uctive coating, implant Cs+ ions in the material to be analyzed, and
each a steady state of ion emission. The primary beam was focused
o a spot size of ∼50–100 nm, and the step size was adjusted so that
t was slightly smaller than the primary beam.

N/C atomic ratios were obtained from measured 12C14N− and
2C− yields by normalization to a kerogen standard that was pre-
ared from the Eocene Green River Shale (for the Bitter Springs
ample) or charcoal (for the Archaean sample). The kerogen of
he standard was extracted by standard HF–HCl maceration and
hemically analyzed for N/C (Beaumont and Robert, 1999). The
2C14N−/12C− ratio of the standard was then measured in the
anoSIMS using operating conditions identical to those used for
nalyzing the Precambrian structures. Calibration between the
easured 12C14N−/12C− ratio from NanoSIMS and the chemically

etermined N/C atomic ratio for the standard was then used to
onvert measured 12C14N−/12C− ratios of the Precambrian struc-
ures to N/C atomic ratios. NanoSIMS results were processed using
’Image software developed by L. Nittler, Carnegie Institution of
ashington, Washington D.C.

. Results

.1. NanoSIMS of microfossils in the Neoproterozoic, ∼0.8 Ga
itter Springs Formation

NanoSIMS characterization of microfossils from the Bitter
prings Formation (Oehler et al., 2006) shows that carbon (C) nitro-
en (measured as CN), and sulfur (S) distributions can be correlated
ith structures identified by optical microscopy. Spatial distri-

utions of C, CN (Fig. 1A–D) and S (S not shown) in individual
icrofossils are nearly identical and variations in concentrations

f these elements parallel one another (Fig. 1B, C; also see gener-

lly uniform CN/C ratio in Fig. 1D). In elemental maps, C, CN, and S
ppear as globules that are partially contiguous and aligned to form
emnant walls or sheaths of fossiliferous structures (e.g., see C and
N in Fig. 1B, C). The aligned occurrence and parallel variation in C
nd CN distributions are the strongest indicators of biogenicity.
esearch 173 (2009) 70–78

Nitrogen/carbon atomic ratios (N/C) of the microfossils were
determined by measuring CN/C ratios with the NanoSIMS (which
are illustrated in Fig. 1) and then correcting the measured CN/C
values to atomic N/C ratios by it comparison with a standard (as
described in the Materials and Methods Section). This was done
with the Bitter Springs microfossils (Oehler et al., 2006) and their
resultant N/C atomic ratios are “kerogen-like,” in that they are gen-
erally within the range of 0.0015-0.03 reported for bulk kerogens
from a suite of Precambrian cherts (Beaumont and Robert, 1999).
Because all microfossils analyzed were in the same thin section,
diagenetic history of each is similar and differences in N/C ratios of
filaments, spheroids, and a microbial mat are likely to reflect dif-
ferences in their respective biochemical precursors (Oehler et al.,
2006). The N/C ratios of the Bitter Springs spheroids range from
0.0073 to 0.0133. While this range is much lower than that of mod-
ern bacteria (0.15–0.28; Fagerbakke et al., 1996; Fukuda et al., 1998),
it is likely that the lower N/C ratios of the spheroids, and Precam-
brian kerogens reported by Beaumont and Robert (1999), probably
reflect a combination of unique Precambrian organisms, diagenetic
alteration, and microbial degradation (Oehler et al., 2006).

Silicon (Si) and oxygen (O) distributions appear to mimic C and
CN distributions in these microfossils (Fig. 2). Although it might be
expected that the Si and O of the chert matrix would be promi-
nent in the Si and O maps, that is not the case. Profiles across three
filaments (Fig. 2D, E) show that the Si and O responses associated
with these microfossils are 2–3 times higher than in the surround-
ing chert. Moreover, this type of relationship continues with depth
in the thin section. After initial NanoSIMS analyses of spheroidal
microfossils (Fig. 2F), intense sputtering into two of the spheroids
achieved a lower plane of investigation in the NanoSIMS by more
than 1 �m (compare Fig. 2F with G). Elemental maps were acquired
again (Fig. 2G, H), and Si and O (O not shown) responses in these
intensely sputtered regions continued to be significantly higher in
association with the kerogen of the cell wall than in association
with the silica of the chert matrix.

3.2. NanoSIMS of a small spheroid in the Archaean, ∼3 Ga Farrel
Quartzite

NanoSIMS analysis of a small spheroid in the Farrel Quartzite
(Fig. 1E–H) was conducted in 2007 (Oehler et al., 2008a–c). C, CN,
and S in the small spheroid have a one-to-one correspondence with
the structure observed by optical microscopy, and variations in C
and CN concentrations parallel one another (Fig. 1F, G; also see gen-
erally uniform CN/C ratio in Fig. 1H). The C, CN, and S responses (S
not shown) correspond to aligned globular concentrations that are
partially contiguous and appear to constitute a wall-like boundary
of the structure. N/C ratios for the spheroidal structure range from
0.0125 to 0.05.

Si and O maps demonstrate higher concentrations of these ele-
ments in association with carbonaceous material of the spheroid
than in association with the surrounding chert (Fig. 3A–C).

3.3. NanoSIMS of carbonaceous material in a vein in the 3.43 Ga
Strelley Pool Chert

NanoSIMS C and CN maps of dark, opaque material in a vein are
illustrated in Fig. 1I–L. This vein is a secondary, epigenetic struc-
ture which cuts through and offsets the primary chert matrix and
kerogen in that matrix (Fig. 1I). Although there is a correspon-
dence between C and the material imaged by optical microscopy,

CN does not correlate with optically imaged particles. The C of the
dark particles of C are angular, separate from one another, and spa-
tially dispersed in the vein without apparent alignment to form any
cohesive, wall-like or enveloping structures. The particles are com-
posed of C, CN and S (S not shown), but compared to the Archaean
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Fig. 1. Comparisons of NanoSIMS responses for structures in polished thin sections of cherts from the ∼0.8 Ga Bitter Springs Formation (A–D), the ∼3 Ga Farrel Quartzite
(E–H), and Member 4 of the 3.43 Ga Strelley Pool Chert (I–L). (A) Optical photomicrograph of a cluster of Bitter Springs spheroidal microfossils; red rectangle shows the area
imaged in NanoSIMS element (B, C) and CN/C ratio (D) maps. (E) Optical photomicrograph of a cluster of spheroidal structures in the ∼3 Ga Farrel Quartzite; red rectangle
shows the structure imaged in NanoSIMS element (F, G) and CN/C ratio (H) maps; white rectangle in (E) is an insert, showing the spheroidal structure imaged in (F–H) at
approximately the same focal plane as in (F–H); white scale bar in the insert is 2 �m; (I) Optical photomicrograph of carbonaceous material in a secondary, hydrothermal
v NanoS
F of res
a carbon

s
v
t
(
c

ein in the 3.43 Ga Strelley Pool Chert; yellow rectangle shows the area imaged in
ig. 4. Color bars and scales on the NanoSIMS maps indicate yield of ions (intensity
pplies to (B–D); scale bar in (F) applies to (F–H); scale bar in (J) applies to (J–L). C,
pheroid, they are nitrogen-poor (compare Fig. 1C, G and K). The
ariations in concentrations of C and CN appear to be antithetic:
hat is, when concentration of C is high, CN is low, and vice versa
compare Fig. 1J with K; also see CN/C ratio in Fig. 1L). The large
arbonaceous particles generally have a C yield of about 100, but at
IMS element (J, K) and CN/C ratio (L) maps; white rectangle is the area imaged in
ponse). Scales on images are set by the image processing software. Scale bar in (B)
; CN, nitrogen measured as CN ion.
their peripheries, a 0.5–1 �m rim occurs with a much lower yield
of about 30 (Fig. 1J); this rim is characterized by relatively high
concentrations of CN (Fig. 1K). N/C ratios for the carbonaceous par-
ticles (excluding the rims with low C yields) range from 0.003 to
0.019.
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Fig. 2. NanoSIMS data illustrating occurrence of silicon and oxygen in carbonaceous microfossils in chert from the Bitter Springs Formation. (A–C) Filamentous microfossils,
showing remnant cyanobacterial sheaths cut in cross section and longitudinal section. Lines a–b in (B) and (C) are the lines of profile for the data shown in (D, E). (D, E)
Profiles of intensity of NanoSIMS response for silicon (D) and oxygen (E) along the lines, a–b, shown in (B) and (C). (F–H) Spheroidal microfossils showing remnant microbial
cell walls. (F) NanoSIMS image from the top of the thin section. (G, H) NanoSIMS images after intense sputtering on the central area to a lower focal plane in the thin section
( that o
( softw
i

i
t
T
t

arrows point to the cells sputtered). The oxygen response (not shown) is similar to
intensity of NanoSIMS response). Scales on images are set by the image processing
n (F) applies to (F–H). C, carbon; Si, silicon; O, oxygen.
The relationships between Si and O and the dark particles are
llustrated in Figs. 3D–F and 4. The Si maps, especially, show lit-
le enhancement of response above that in the matrix of the chert.
he O map in Fig. 3F does show enhancement at the boundaries of
he dark particles, but that enhancement occurs mainly in the rims
f silicon. Color bars and scales on the NanoSIMS element maps indicate yield of ions
are. A color bar was not acquired for (F). Scale bar in (A) applies to (A–C); scale bar
where C yield is lowest and CN yield is highest (compare Fig. 3F
with Figs. 3D, 1K and L). Another example of the particles in the
vein is shown in Fig. 4; here the O distribution map shows min-
imal enhancement of response associated with the carbonaceous
particles (compare Fig. 4B with Fig. 4D).
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Fig. 3. NanoSIMS images illustrating silicon and oxygen associated with carbonaceous in structures in polished thin sections of Archean cherts. (A–C) Small spheroid in the
∼ ) Carb
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3 Ga Farrel Quartzite; area imaged in (A–C) is shown by rectangles in Fig. 1E. (D–F
hert; area imaged in (D–F) is shown by yellow rectangle in Fig. 1G. Color bars and s

mages are set by the image processing software. Scale bar in (A) applies to (A–C); s

. Discussion

The microbiota of the Neoproterozoic Bitter Springs Formation
s exceptionally well preserved (Schopf, 1968; Schopf and Blacic,
971) and there is no doubt that the organic microstructures are of
iological origin. Therefore, NanoSIMS results from Bitter Springs
icrofossils can serve as a baseline for assessing biogenicity of less
ell preserved materials.

Several examples of less well preserved materials have been
escribed by Sugitani et al. (2007) in Archaean cherts of the
3 Ga Farrel Quartzite from the Pilbara of Western Australia. While

hose authors concluded that many of the structures in the Farrel
uartzite are likely to be of biological derivation, their interpreta-

ion was cautious, as the structures are relatively poorly preserved
nd of great age. If biogenicity and syngeneity could be substan-
iated, this material would represent one of the oldest known

icrobiotas and would add substantially to knowledge of the early

iosphere. As a follow-up, therefore, NanoSIMS element distribu-
ions of small spheroids from the Farrel Quartzite were compared
ith element distributions of both Bitter Springs spheroids and sec-

ndary carbon in a hydrothermal vein in the 3.43 Ga Strelley Pool
hert.
onaceous particles in a secondary vein from Member 4 of the 3.43 Ga Strelley Pool
on the NanoSIMS element maps indicate intensity of NanoSIMS response. Scales on
ar in (D) applies to (D–F). C, carbon; Si, silicon; O, oxygen.

NanoSIMS comparisons illustrate several similarities between
the Bitter Springs spheroids and the Archaean spheroid (Fig. 1):
These include the one-to-one correspondence of the C, CN, and
S distributions with the kerogenous structures imaged in optical
photomicroscopy; the nearly identical distributions of each of these
elements; parallel variations of C and CN, and the globular, partially
contiguous, and aligned character of the element concentrations.

One of the most basic characteristics of living systems is the
presence of cellular envelopes, such as walls and membranes.
Such bounding structures control diffusion of chemicals into and
out of cells, and even fragmentary remains of walls would be
expected to retain traces of that aligned character. NanoSIMS
maps of the Bitter Springs microfossils exemplify such envelop-
ing structures (Fig. 1B, C), and the aligned C and CN globules of
the Archaean spheroid from the Farrel Quartzite (Fig. 1F, G) sim-
ilarly may reflect wall-like structures of ancient cells. In addition,
the parallel variations in the concentrations of CN and C in both

the Bitter Springs and Archaean spheroids (exemplified by the rel-
atively uniform CN/C ratio images in Fig. 1D and H) are likely to
reflect a common origin for C and N which would be consistent
with a biological derivation. Together, the aligned nature of the C
and CN globules and the parallel variations in C and CN concen-
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Fig. 4. NanoSIMS images illustrating additional portion of the secondary vein in Member 4 of the Strelley Pool Chert. (A) Optical micrograph of the area imaged in NanoSIMS
(B–D); white rectangle in Fig. 1I shows location of this view. (B–D) NanoSIMS element maps; enhancement of carbon image (B) along black particles seen in (A) is not matched
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y significant enhancement in Si image (C); rather Si image shows apparent lows in
his view with apparently greater sputtering in upper right corners, as evidenced b
mage suggests little enhancement of O associated with the carbonaceous particles,

ay be an edge effect, due to the uneven sputtering. Color bars and scales indicate in
cale bar in (A) applies to (A–D). C, carbon; Si, silicon; O, oxygen.

ration provide strong support for the biogenicity of the Archaean
pheroid.

In contrast, the dark material in the secondary vein of the Strelley
ool Chert appears quite distinct. The element maps (Fig. 1J, K) show
he dark material to comprise relatively angular, dispersed particles
ith sharply defined boundaries. There is no evidence of alignment

f fragments to form any sort bounding structure. Compared to the
arrel Quartzite spheroid, the particles in the vein are nitrogen-
oor (with N/C ratios 1/3–1/4 that of the spheroid), and perhaps
ost significantly, maps for C and CN (Fig. 1J, K) show an antithetic

elationship for these two elements, with the CN response being
igh only in the narrow, C-poor rims that line the particles (also
ompare CN/C ratio of Fig. 1L with C image of Fig. 1J). This antithetic
elationship may suggest that the N in the rims has a different origin
rom the C that makes up the bulk of the particles, and in this regard,
he particles in the vein are unlike the material comprising both the
rchaean and Proterozoic spheroids.

A major difference between the Neoproterozoic and Archaean
aterials is that the Neoproterozoic Bitter Springs microfossils

ave C and CN yields an order of magnitude higher than those for
he Archaean spheroid or material in the secondary vein (Fig. 1).
ince the NanoSIMS analyses for the Archaean and Neoprotero-
oic materials were obtained at different times, the yields may not
e strictly comparable (since element yields depend on NanoSIMS

nstrument conditions). Nevertheless, a similar difference in yields
as observed on a separate suite of samples in SIMS analyses (C.
ouse, personal communication, 2008). Though the cause of the

ow yields is uncertain, one explanation would be that it is related
o a greater degree of diagenetic alteration of the Archaean samples.

n contrast, N/C ratios of the Archaean spheroid (0.0125–0.050) are
igher than those of the Bitter Springs spheroid (0.0073–0.0133).
hile this also could be related to age or metamorphic grade of the

rchaean spheroid, it might reflect uniquely Archaean biology or
erhaps nitrogen cycles (cf., Beaumont and Robert, 1999). Finally,
ositions of carbonaceous particles. (C) and (D) show that sputtering was uneven in
ter intensity of responses for both Si and O of the chert in that region. While the O
apparent enhancement (restricted to the left sides of some carbonaceous particles)
y of NanoSIMS response. Scales on images are set by the image processing software.

because of the very low yields of both carbon and nitrogen in the
Archaean samples, the possibility should be considered that the
high N/C ratios could be artifacts due to trace amounts of nitro-
gen in the vacuum system of the NanoSIMS. This seems unlikely,
however, as the hydrothermal vein (with C yield nearly as low as
in the spheroid) does not show equivalently high N/C ratios. These
possibilities will be evaluated in continuing NanoSIMS studies.

The enhanced Si and O responses in association with the walls
of the Bitter Springs spheroids is surprising. Initially, a possibility
was considered that kerogen may have remained physically higher
in the thin sections than the surrounding chert (due to a greater
propensity of chert to take the polish during section preparation)
and this, coupled with potentially incomplete sputtering of the gold
coating, may have resulted in artifactual enhancement of Si and O
at the edges of topographically high kerogen. With continued eval-
uation, however, this seems unlikely to explain the enhanced Si
and O responses. First, the Si and O responses in the chert matrix
of some of the microfossils analyzed are not zero (Fig. 2D, E), as
would be expected if some of the gold coating remained, covering
everything but “high-standing” kerogen. Second, and more impor-
tant, the enhancement of Si and O, in association with C and CN
of the microfossil walls, continues with depth into the thin section
(Fig. 2F–H). This is demonstrated by the NanoSIMS responses before
and after intense sputtering. Fig. 2F shows the C response obtained
in initial NanoSIMS analysis of the Bitter Springs spheroids. Fig. 2G,
H shows the C and Si responses of the same sample after intense
sputtering, which removed ∼1 �m from the surface of the section.
It would be expected that, as a result of such deep sputtering, the
gold coating would be completely removed and the kerogen could

no longer be topographically high. Nevertheless, the intensely sput-
tered spheroids continue to be characterized by high Si and O (O
not shown) responses at the cell walls, suggesting that Si and O
enhancement is unlikely to be an artifact of surface topography and
incomplete removal of the gold coating.
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One explanation is that the enhancement of Si reflects the inti-
ate association between organic matter and silica that results

rom the process of silica permineralization. This process involves
ucleation of silica on organic surfaces, with initial weak bonding
etween the silica and functional groups in biological materials. Sil-

ca permineralization of biological structures is well known from
1) laboratory experiments (Oehler and Schopf, 1971; Oehler, 1976;
oporski et al., 2002), (2) observations of natural silica nucleation on
odern microbes (Phoenix et al., 2000; Benning et al., 2002; Renaut

t al., 2002), and (3) electron microscopic analyses of ancient micro-
ossils (Moreau and Sharp, 2004). The latter study by Moreau and
harp shows this intimate relationship in spheroidal microfossils
rom ∼2 Ga Gunflint Formation, where the wall comprises kero-
en intimately intermixed with silica. The silica in the walls is very
ne-grained (100 nm by 300 nm) compared to the larger crystals
750 nm by 1000 nm) in the chert matrix, and similar size relation-
hips have been observed in many other studies of organic matter
nd silica (Altermann and Schopf, 1995; Kempe et al., 2005; Oehler
nd Logan, 1977).

Such intimate intermixing of fine-grained silica and kerogen
eems most likely to account for the enhanced Si and O response
n the walls of the Bitter Springs microfossils. The mechanism by

hich this occurs could be due to a “matrix effect” in NanoSIMS
here Si and O from the silica associated with kerogen ionize more

eadily than Si and O from the silica in the matrix chert. Such prefer-
ntial ionization could result from the comparatively small size of
ilica grains associated with the kerogen and/or the weak bonding
t the kerogen-silica interface. Alternatively, since carbonaceous
aterial is known to sputter faster than chert (Dr. C. House, personal

ommunication, 2008), the enhancement may result from the more
apid sputtering of the organic material during analysis, allowing
omparatively more silica mixed with the kerogen of the cell wall
o be exposed to the primary ion beam. In either case, the enhanced
esponse of Si and O would be an indicator of an intimate associ-
tion between silica and kerogen and thus would likely reflect the
rocess of silica permineralization of biological materials.

In contrast, Si associated with carbonaceous material in the
econdary vein does not show enhancement over the Si yields in
he chert matrix (Figs. 3E, 4C). While the O response in Fig. 3D
oes show enhancement at the edges of some of the particles, that
esponse occurs only in association with the carbon-poor, nitrogen-
igh rims that line the particles. The chemical nature of the rims is
nknown as is the source of the oxygen within them. The second
xample of particles in the vein shows no significant enhance-
ent in either Si or O over the responses from the silica matrix

Fig. 4).
A plausible explanation of the difference in Si and O responses

f the vein material versus those in both the Bitter Springs and
arrel Quartzite spheroids would be that Si and O enhancement
orresponding to kerogenous wall-like structures only results when
ilica and organic carbon are intimately intermixed, as occurs when
ilica nucleates as very small crystals on functional groups of bio-
ogically derived chemicals. If this is correct, then enhanced Si
nd O responses in association with ancient carbonaceous mate-
ial implies that organic matter with remaining functional groups
as present in the sediment at the time of silicification. This, in

urn, provides an important indicator of syngeneity of the organic
atter with silica in the chert matrix. Since Si and O images of the
rchaean small spheroid show enhancement comparable to that
bserved in the Bitter Springs spheroids, this argues that the small
pheroids in the Archaean samples were present in the sediment

t the time of silicification of the enclosing chert matrix. Accord-
ngly, the organic matter of the small spheroids is unlikely to be
n epigenetic contaminant; rather, it is interpreted as being syn-
enetic with the mineral matrix and thus approximately 3 Ga in
ge.
esearch 173 (2009) 70–78 77

5. Conclusions

The similarities in NanoSIMS element distributions of the
Archaean small spheroid and Neoproterozoic spheroidal microfos-
sils from the Bitter Springs Formation are suggestive of a biological
derivation for the spheroid in the Archaean Farrel Quartzite. In par-
ticular, the parallel variations in C and CN concentrations argue for
a common origin for carbon and nitrogen that is consistent with
an origin from biologically derived materials. The alignment of the
partially contiguous, globular C and CN concentrations is addition-
ally reminiscent of enveloping wall-like structures, and as such,
strengthens the case for biogenicity of the Archaean spheroid.

The enhancements of Si and O along with C and CN of the
Archaean spheroid suggest that the Farrel Quartzite structure is
syngenetic with the chert matrix and not a product of any sort
of epigenetic contamination. The concomitant differences with the
secondary, hydrothermal material in the vein from the Strelley Pool
Chert are consistent with the view that the small spheroid in the
Farrel Quartzite is likely to be both biogenic and syngenetic.

These conclusions illustrate the applicability of NanoSIMS to
assessing biogenicity and syngeneity of structures that might oth-
erwise be difficult to interpret by traditional petrographic methods
because of their small size or poor preservation. While small bits of
organic matter can be assessed with other techniques (e.g., optical
and electron microscopy or Laser Raman imagery), the advantage
of NanoSIMS is that both concentration and spatial distributions of
several elements (e.g., carbon, nitrogen, sulfur, silicon, and oxygen)
can be acquired, and with sub-micron resolution. This combination
of high resolution spatial information coupled with concentration
data provides a new level of information and accordingly, new
insights relative to origins and significance (e.g., see discussion in
Oehler et al., 2006 regarding Si associated with spheroidal versus
filamentous microfossils from the Bitter Springs Formation).

Conclusions from this study support previous interpretations of
Sugitani et al. (2007) that small spheroids in the Farrel Quartzite
are probable Early Archaean microfossils. These NanoSIMS results,
therefore, add to the growing body of data suggesting that the
Archaean biosphere was diverse and well-established by ∼3–3.4 Ga
(Allwood et al., 2006; Schopf et al., 2007; De Gregorio and Sharp,
2007; Love, 2007; Derenne et al., 2008).

In sum, the comparison of NanoSIMS results from the Farrel
Quartzite spheroid and Bitter Springs microfossils illustrates the
applicability of this technique to interpreting ancient and poorly
preserved materials. New insights have been provided regarding
both biogenicity and syngeneity of controversial Archaean struc-
tures. These types of analyses should be especially useful as the
search for life’s origin extends to older and less well preserved
samples and even to extraterrestrial materials.
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