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Abstract

The origin of organic microstructures in the *3 Ga Farrel Quartzite is controversial due to their relatively poor
state of preservation, the Archean age of the cherts in which they occur, and the unusual spindle-like mor-
phology of some of the forms. To provide more insight into the significance of these microstructures, nano-scale
secondary ion mass spectrometry (NanoSIMS) maps of carbon, nitrogen, sulfur, silicon, and oxygen were
obtained for spheroidal and spindle-shaped constituents of the Farrel Quartzite assemblage. Results suggest that
the structures are all bona fide *3 Ga microfossils.

The spindles demonstrate an architecture that is remarkable for 3 Ga organisms. They are relatively large,
robust, and morphologically complex. The NanoSIMS element maps corroborate their complexity by demon-
strating an intricate, internal network of organic material that fills many of the spindles and extends continu-
ously from the body of these structures into their spearlike appendages.

Results from this study combine with previous morphological and chemical analyses to argue that the micro-
structures in the Farrel Quartzite comprise a diverse assemblage of Archean microfossils. This conclusion adds to
a growing body of geochemical, stromatolitic, and morphological evidence that indicates the Archean biosphere
was varied and well established by at least *3 Ga. Together, the data paint a picture of Archean evolution that is
one of early development of morphological and chemical complexity. The evidence for Archean evolutionary
innovation may augur well for the possibility that primitive life on other planets could adapt to adverse conditions
by ready development of diversity in form and biochemistry. Key Words: NanoSIMS—Archean—Pilbara—
Organic microfossil—Spindle—Microstructure—Early evolution—Farrel Quartzite. Astrobiology 10, 413–424.

1. Introduction

Archean life, especially that 3 Ga and older, is a concept
that has drawn controversy (Garcı́a-Ruiz et al., 2002,

2003; Lindsay et al., 2003; Moorbath, 2005; Brasier et al., 2006).
Doubt has been raised by discussions of (1) pseudofossils
(biomorphs) that might explain putative Archean microfossils,
(2) abiotic structures that could mimic microbially produced
stromatolites, and (3) uncertainty as to syngeneity of complex
biomarkers [e.g., a study that identified Archean biomarkers
suggestive of eukaryotes and cyanobacteria (Brocks et al., 1999)
has been reinterpreted in light of new data (Rasmussen et al.,
2008), with the conclusion that the biomarkers are not synge-
netic but entered the rock sometime after the Archean].

At the same time, there is a growing body of data sug-
gestive of Archean microbial diversity. These data include
assessments of both organic microstructures and stromat-
olites (Walter et al., 1980; Schopf, 1993, 2006; Hofmann et al.,
1999; Altermann and Kazmierczak, 2003; Allwood et al.,
2006, 2009; Schopf and Walter, 2007; Schopf et al., 2007;
Sugitani et al., 2007; Rasmussen, 2000; Rasmussen et al., 2009;
Javaux et al., 2010) as well as geochemical, electron micro-
scopic, spectroscopic, and molecular studies that suggest
biogenicity and syngeneity of Archean carbonaceous resi-
dues (Eigenbrode and Freeman, 2006; De Gregorio and
Sharp, 2007; Duck et al., 2007; Marshall et al., 2007; Van
Zuilen et al., 2007; Derenne et al., 2008; De Gregorio et al.,
2009; Oehler et al., 2009; Waldbauer et al., 2009).

1Astromaterials Research and Exploration Science, NASA, Johnson Space Center, Houston, Texas, USA.
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A recently described assemblage of organic microstruc-
tures in cherts from the *3 Ga Farrel Quartzite of Western
Australia adds significantly to the list of potential Archean
microbiota (Sugitani et al., 2007, 2009a, 2009b). Laser Raman
spectroscopy has shown that the microstructures are com-
posed of disordered carbon, and d13C values<�30% of bulk
carbon extracted from the Farrel Quartzite cherts suggest a
biological origin for the carbonaceous constituents. While the
studies of Sugitani et al. (2007, 2009a, 2009b) and Grey and
Sugitani (2009) have suggested that many of the structures in
the Farrel Quartzite are likely to be of biological derivation,
their interpretations have been cautious, as the structures are
relatively poorly preserved, occur in sediments of great age,
and include unusual spindle-like forms. If biogenicity as well
as syngeneity could be further substantiated, this material
would represent one of the oldest known, relatively diverse
microbiotas, and it would add substantially to our knowl-
edge of the early biosphere.

Nano-scale secondary ion mass spectrometry (NanoSIMS)
is one of many new techniques being applied to ancient or-
ganic materials in sedimentary rocks. The advantage of this
technique is that the optimization for small beam size allows
determination of elemental composition of individual mi-
crostructures, and results thus can be compared with optical
or electron microscopic images of the same material. In ad-
dition, the technique can measure metabolically important
elements of carbon, nitrogen, and sulfur; and, since organic
material is analyzed in polished thin section, relationships to
the surrounding mineral matrix and veins or fractures can be
assessed as well.

Previous NanoSIMS analyses (Oehler et al., 2006) of well-
preserved Proterozoic microfossils from the *0.83 Ga Bitter
Springs Formation (Schopf, 1968; Schopf and Blacic, 1971)
established submicron-scale distributions of carbon (12C�),
nitrogen (measured as 12C14N�), and sulfur (32S�) that char-
acterize undisputed microfossils. Results suggest that the
strongest indicators of biogenicity are (1) a one-to-one cor-
respondence of C� and CN� with kerogenous structures
observed in optical microscopy, (2) globular, aligned concen-
trations of C� and CN�, and (3) parallel variations in C� and
CN� concentrations. More recent NanoSIMS work suggests
that associations between organic structures and enhanced
concentrations of silicon (28Si�) and oxygen (16O�) are likely to
reflect silica permineralization of microbial remains and thus
can be indicators of syngeneity (Oehler et al., 2009).

This study utilizes NanoSIMS to further address the bio-
genicity and syngeneity of the organic microstructures in the
Archean Farrel Quartzite.

2. Materials and Methods

NanoSIMS elemental analyses were obtained on individ-
ual microstructures in 30mm polished thin sections of chert
from the Mt. Grant locality of the *3 Ga Farrel Quartzite
(Sugitani et al., 2007). Individual microstructures were lo-
cated within the thin sections via optical microscopy. Spe-
cimens at the top of the sections were selected for NanoSIMS
and photographed with an Olympus BX60 Research, Polar-
izing Optical Microscope, outfitted with a Nikon DXM 1200F
Digital Camera. Photomicrographs were taken in transmit-
ted 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 transmitted light by using a 100� oil immersion
lens and Cargill type DF immersion oil (Formula Code 1261).
The thin sections were subsequently cleaned by ultra-
sonication five times with reagent-grade ethanol for 2 min-
utes each time. The thin sections were dried in a 608C oven
for 1 hour to drive off the ethanol, and they were coated with
about 300 Å of gold. It was assumed that the ultrasonication
procedure was adequate to remove traces of immersion oil.
This assumption is reasonable in view of the following:

(1) Initial sputtering by NanoSIMS removes surface con-
tamination before data are collected, and none of the
structures imaged resides in a crack in the thin section
where traces of immersion oil conceivably could re-
main after sputtering.

(2) The NanoSIMS carbon maps are mirrored by nitrogen
and sulfur maps and thus are suggestive of sedimen-
tary organic matter rather than immersion oil (which is
composed only of hydrocarbons and lacks nitrogen
and sulfur).

(3) There is a one-to-one correspondence of the carbon,
sulfur, and nitrogen maps with optical microscopic
images of the kerogenous structures.

Chemical maps were produced with the Cameca Nano-
SIMS 50 at the National NanoSIMS facility at the Muséum
National d’Histoire Naturelle in Paris, France. By using a
focused primary beam of cesium (Csþ; beam current *1 pA,
beam dwell time 1000 microseconds per pixel), secondary
ions of carbon (12C�), nitrogen (measured as 12C14N�), sulfur
(32S�), silicon (28Si�), and oxygen (16O�) were sputtered from
the sample surface and detected simultaneously (multi-
collection mode) in electron multipliers at a mass-resolving
power of *4,500 (M=DM). At this mass-resolving power, the
measured secondary ions were resolved from potential in-
terference by other ions or molecules that fall close in mass to
the ions of interest. Because nitrogen is measured as CN�, it
can only be detected in the presence of carbon.

Images were obtained from a presputtered area by step-
ping the primary beam across the sample surface. Pre-
sputtering was done to clean the surface of contaminants
before analysis, remove the conductive coating, and implant
Csþ ions in the material to be analyzed. The primary beam
was focused to a spot size of *50–100 nm, and the step size
was adjusted so that it was slightly smaller than the primary
beam. An electron gun (e-gun) supplied electrons to the
sputtered surface during analysis to compensate for positive
charge deposition from the primary beam and minimize
specimen charging effects. Near steady state was reached
where a reproducible, flat plateau was obtained in the sec-
ondary ion emission.

A charcoal sample was used as a standard. Kerogen was
prepared from charcoal by HF-HCl maceration, and the el-
emental composition of the kerogen was measured by stan-
dard chemical techniques (Beaumont and Robert, 1999). The
results from NanoSIMS analyses for each element were
compared to those from the chemical analyses. The kerogen
standard was included in the same mount with the Farrel
Quartzite samples and was analyzed by NanoSIMS at the
beginning and end of each session and between samples.
Identical operating conditions in the NanoSIMS (e.g., same
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presputtering, spot size, e-gun) were used for analyzing the
standard and the Precambrian structures. Elemental results
from the Precambrian samples measured by NanoSIMS were
normalized to results from the standard.

The NanoSIMS results were processed with L’Image
software developed by L. Nittler, Carnegie Institution of
Washington, Washington DC.

3. Results

NanoSIMS element maps were obtained for three cate-
gories of microstructures in cherts of the Farrel Quartzite:

small spheroids, large spheroids, and spindle-shaped struc-
tures (Figs. 1–5). Comparisons were made with NanoSIMS
element distributions in both undisputed microfossils from
the *0.83 Ga Bitter Springs Formation and secondary carbo-
naceous material in a hydrothermal vein in an Archean sam-
ple from the *3.4 Ga Strelley Pool Chert (Oehler et al., 2006,
2008a, 2008b, 2008c, 2009). For biogenicity assessment, char-
acteristics utilized were the C� and CN� responses (size,
shape, alignment and continuity), the relationship between
intensities of C� and CN�, and the spatial relationships of C�

and CN� to microstructures imaged in optical photomicro-
graphs. For syngeneity assessment, Si� and O� concentrations

FIG. 1. NanoSIMS element maps of small spheroids in chert from the Farrel Quartzite of Western Australia. (A–E)
NanoSIMS maps for carbon (12C�), nitrogen (12C14N�), sulfur (32S�), oxygen (16O�), and silicon (28Si�). Color bars and scales
indicate yield of ions (intensity of response). The scales are set by the image processing software. (F) Optical photomicrograph
in transmitted light of a cluster of small spheroids, showing the area (red rectangle) imaged by NanoSIMS in (A–E). Arrows in
(A) and (F) point to the same structure. Scale bar in (A) applies to (A–E).
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were compared to C� and CN� concentrations as well as to
indications of Si� and O� in the chert matrix.

Results imply that the microstructures analyzed from the
Farrel Quartzite are both biogenetic in derivation and syn-
genetic to the chert in which they are preserved.

3.1. Small spheroids

Small spheroids have been described from this assemblage
based largely on optical microscopy (Sugitani et al., 2007,
2009b). These spheroids (Fig. 1F) range in diameter from less
than 5mm to about 15mm and occur in irregular clusters of a
few to a few tens of individuals. The spheroids commonly
appear to be loosely joined by strandlike connections or diffuse
mucilaginous-like material. Within a cluster, individual cell-

like bodies are irregularly and rather poorly preserved. No
obvious internal contents have been noted. The walls of these
spheroids are irregularly granular. More than 300 specimens in
this category were documented by Sugitani et al. (2007).

NanoSIMS element maps of a cluster of small spheroids
are shown in Fig. 1A–E. Figure 1F shows an optical photo-
micrograph of the cluster, and the red rectangle illustrates
the portion of that cluster that was analyzed by NanoSIMS.
Most of the spheroids in this grouping are between about 4
and 7mm in diameter. Since NanoSIMS analysis investigates
only the topmost several nanometers of thin sections, three-
dimensional structures that can be observed in optical mi-
croscopy are frequently only partially imaged in NanoSIMS.
Consequently, the NanoSIMS element maps of the cluster of
small spheroids captured only fragments of five individual

FIG. 2. NanoSIMS element maps of a large spheroid in chert from the Farrel Quartzite. (A–E) NanoSIMS maps for carbon
(12C�), nitrogen (12C14N�), sulfur (32S�), oxygen (16O�), and silicon (28Si�). Color bars and scales indicate yield of ions
(intensity of response). The scales are set by the image processing software. (F) Optical photomicrograph in transmitted light
of the large spheroid imaged by NanoSIMS in (A–E). Arrows in (A–F) illustrate one of the granules with high 12C�, 12C14N�,
and 32S�. Scale bar in (F) applies to (A–F).
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structures. The structure at the center of this grouping was
captured almost in its entirety, yielding secondary ions from
the nearly complete perimeter. In the other four structures,
the NanoSIMS maps yielded secondary ions from more ir-
regular portions of the spheroids. Nevertheless, all the ana-
lyzed fragments of these small spheroids have the following
characteristics in common:

� The distribution maps of C�, CN�, and S� have a one-
to-one correspondence with the structures observed by
optical microscopy (Fig. 1A–C, F);

� Variations in C�, CN�, and S� concentrations parallel
one another (Fig. 1A–C);

� The C�, CN�, and S� responses correspond to aligned
element concentrations that are partially contiguous and
form enveloping, wall-like boundaries (Fig. 1A–C).

� The C�, CN�, and S� concentrations are globular and
*0.2 to 0.5 mm thick, and they have generally rounded
edges (Fig. 1A–C).

� Si� and O� maps demonstrate high concentrations of
these elements immediately surrounding the carbona-
ceous material of the spheroids. The concentrations of

FIG. 3. NanoSIMS element maps of two spindles in chert from the Farrel Quartzite. (A–E) NanoSIMS maps for carbon
(12C�), nitrogen (12C14N�), sulfur (32S�), oxygen (16O�), and silicon (28Si�). Color bars and scales indicate yield of ions
(intensity of response). The scales are set by the image processing software. (F) Optical photomicrograph in transmitted light
of the spindles imaged by NanoSIMS in (A–E). Arrows in (A) point to cavities. Arrows in (B) and (C) point to patches having
unusually high 12C14N� and 32S�responses. Scale bar in (A) applies to (A–E).
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Si� and O� in association with the microstructures are
noticeably higher than responses from the surrounding
chert matrix (Fig. 1D–E).

3.2. Large spheroids

Large spheroids in the Farrel Quartzite assemblage have
diameters >10 mm and commonly between 20 and 60 mm
(Sugitani et al., 2007, 2009a, 2009b). These spheroids typically
occur singly and appear to be preserved as folded or col-

lapsed bodies, which suggests a somewhat delicate nature.
Nearly 200 structures were measured by Sugitani et al.
(2007). About half of those were completely hollow, and the
other half were semi-hollow, with some internal bodies,
reminiscent of the small spheroids.

The specimen imaged in NanoSIMS is shown in Fig. 2F. It
is 30–35 mm in diameter, extensively folded, and apparently
broken, with wisps of carbonaceous material hanging from
an edge at the lower right of the specimen. The NanoSIMS
element maps (Fig. 2A–E) illustrate the character of the

FIG. 4. NanoSIMS element maps of a ‘‘filled’’ spindle in chert from the Farrel Quartzite. (A–E) NanoSIMS maps for carbon
(12C�), nitrogen (12C14N�), sulfur (32S�), oxygen (16O�), and silicon (28Si�). Arrows in (A) point to examples of granules with
high concentrations of 12C�, 12C14N�, and 32S�. Color bars and scales indicate yield of ions (intensity of response). The scales
are set by the image processing software. (F) Optical photomicrograph in transmitted light of the spindle imaged by
NanoSIMS in (A–E). Dashed red rectangle outlines area imaged by NanoSIMS in (A–E). Green rectangle outlines area imaged
in Fig. 5. All scale bars are 10 mm.
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material that comprises this spheroid and show relationships
among C�, CN�, and S� that are identical to those for the
small spheroids and suggestive of biogenicity. In addition,
the C�, CN�, and S� element concentrations of the large
spheroid show the globular, aligned, and partially contigu-
ous character that is reminiscent of remnants of cell walls
(Oehler et al., 2006). A comparison of element maps for O�

and Si� with those for C� and CN� (Fig. 2A–B, 2C–D) shows
a close correspondence between the organic material and the
O� and Si�.

One difference between the NanoSIMS results for the large
and small spheroids is that the bounding material of the
large spheroids is more uniform in width than that of the
small spheroids (*0.4 to 0.6 mm vs. 0.2 to 0.5 mm for the small
spheroids). Another difference is the occurrence of numer-
ous, subcircular granules with unusually high C�, CN�, and
S� content in the large spheroid. These granules occur within
the remnants of the walls and have C�, CN�, and S� re-
sponses 2–5 times higher in intensity than the majority of the
wall-like material; the granules range from less than 0.3 mm
to nearly 1 mm in diameter and are ringed by high responses
for O� and Si� (arrows in Fig. 2A–E).

3.3. Spindles

The spindles are large, lenticular bodies, 20 to 40mm in
length and *15 to 35 mm in width (Sugitani et al., 2007,

2009a, 2009b). They have tapered, spearlike appendages,
2–10mm in length, at each end that, in individual specimens,
seem to be connected to a flange that nearly encircles the
spindle along the long axis. The spindles typically occur
singly, in small groups, and in chains. Some are completely
hollow, while others can be semi-hollow, including one or a
few large cavities. Some appear to be completely filled by a
network of carbonaceous material. While a few are folded,
which suggests flexibility, most appear to be relatively ro-
bust and uncollapsed. These forms are abundant in the Farrel
Quartzite, with hundreds of specimens having been docu-
mented (Sugitani et al., 2007, 2009a, 2009b).

NanoSIMS element distributions of C�, CN�, S�, O�, and
Si� (Figs. 3–5) exhibit the same relationships to each other
and to kerogen imaged in optical microscopy as occur in the
small and large spheroids. The globular, aligned, and nearly
contiguous character of the element concentrations are sug-
gestive of wall-like remnants, with thicknesses ranging from
0.4 to 0.8 mm. In addition, the element maps show that the
spindles, when they appear to be ‘‘filled,’’ contain an intri-
cate, reticulate network of organic material, all of which has
similar thickness and element composition to the material
that comprises the exterior of the spindle (Figs. 4–5). Figure 5
illustrates high-resolution NanoSIMS maps of C�, CN�, and
O� distributions in one of the spear-like appendages as well
as in its connection to the body of the spindle. In these

FIG. 5. High-resolution NanoSIMS element maps of the spindle of Fig. 4. (A–C) NanoSIMS maps for 12C�, 12C14N�, and 16O�.
(D) Optical photomicrograph in transmitted light of the portion of the spindle imaged by NanoSIMS in (A–C) and shown by the
green rectangle in Fig. 4. Arrows point to one of the granules with high 12C�, 12C14N�, and 32S� (not shown) concentrations. (C)
Illustrates oxygen concentrated around the perimeter of the granule (arrow). Color bars and scales indicate yield of ions
(intensity of response). The scales are set by the image processing software. Scale bar in (A) applies to (A–D).
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images, the appendages and the body appear to be made of
the same material. They both exhibit nearly identical element
compositions and thicknesses, both consist of the carbona-
ceous reticulate network, and the connection between the
appendage and the body is continuous with no evidence of
any jointing or separation.

Like the large spheroids, the spindles contain numerous,
subcircular granules with high C�, CN�, and S� content
(Figs. 3–5). The C�, CN�, and S� responses of these granules
are much higher than typical responses for the wall-like
material (with intensities ranging from 2 to 10 times that of
the majority of the wall-like material). Their size range is
similar to that of the granules described from the large
spheroids (less than 0.3 mm to nearly 1mm in diameter), and
they appear to be ringed by O� and Si� (especially well
illustrated by arrows in Fig. 5).

The spindles in Fig. 3 show patches of material with
atypically high CN� response (arrow, Fig. 3B). The sulfur
map shows similar regions of enrichment (arrow, Fig. 3C),
but the carbon map appears to lack equivalent enrichment in
those regions (Fig. 3A). The patches are somewhat angular
in shape and adjacent to the cavities in the upper spindle of
Fig. 3.

4. Discussion

4.1. Biogenicity

The correspondence and parallel variations among C�,
CN�, and S� in the Farrel Quartzite forms, coupled with the
aligned (wall-like) and globular character of the element
concentrations, suggest that the material comprising each of
the structures analyzed is biogenic. Similar relationships
have been seen in microfossils from the Bitter Springs For-
mation (Oehler et al., 2006, 2008a, 2008b, 2008c, 2009) and in
NanoSIMS analyses of modern cyanobacteria (Eybe et al.,
2007). In the modern cyanobacteria, it has been established
that the NanoSIMS C� and CN� responses reflect the general
morphology of the cells, and the S� response reflects mainly
protein distributions. Biogenicity of the spindles is discussed
further in Section 4.6.

4.2. Syngeneity

The silicon and oxygen maps for each of the microstruc-
tures studied from the Farrel Quartzite show enhancements
in these elements that are intimately associated with (and
almost mimic) the carbon, nitrogen, and sulfur distributions.

A similar enhancement of silicon and oxygen was ob-
served in the Bitter Springs microfossils (Oehler et al., 2006),
and it has been suggested that such enhancement of Si� and
O� reflects the intimate association between silica and or-
ganic matter that results from silica permineralization
(Oehler et al., 2009). Silica permineralization involves nucle-
ation of silica on organic surfaces, with initial weak bonding
between the silica and functional groups in biological ma-
terials. Silica permineralization of biological structures is
well known from (1) laboratory experiments (Oehler and
Schopf, 1971; Oehler, 1976; Toporski et al., 2002), (2) obser-
vations of natural silica nucleation on modern microbes
(Phoenix et al., 2000; Benning et al., 2002; Renaut et al., 2002),
and (3) electron microscopic analyses of ancient microfossils
(Moreau and Sharp, 2004). The latter study showed this in-

timate relationship in spheroidal microfossils from the
*2 Ga Gunflint Formation, where the wall was comprised of
kerogen intimately intermixed with silica. The silica in the
walls is very fine grained (100 by 300 nm) compared to the
larger crystals (750 by 1000 nm) in the chert matrix, and
similar size relationships have been observed in other studies
of organic matter and silica (Oehler and Logan, 1977; Alter-
mann and Schopf, 1995; Kempe et al., 2005).

Such intimate intermixing of fine-grained silica and kero-
gen seems likely to account for the enhanced Si� and O�

response in the walls of the Bitter Springs microfossils. The
mechanism by which this occurs could be due to a ‘‘matrix
effect’’ in NanoSIMS where Si� and O� from the silica as-
sociated with kerogen ionize more readily than Si� and O�

from the matrix chert. Such preferential ionization could
result from the comparatively small size of silica grains as-
sociated with the kerogen or the weak bonding at the kero-
gen-silica interface, or both. Alternatively, as carbonaceous
material is known to sputter faster than chert (Dr. C. House,
personal communication, 2008), the enhancement may result
from the more rapid sputtering of the organic material dur-
ing analysis, which would allow comparatively more silica
mixed with the kerogen of the cell wall to be exposed to the
primary ion beam. In either case, enhanced responses of Si�

and O� associated with C� and CN� would be an indicator
of an intimate association between silica and kerogen, and
that is suggestive of the process of silica permineralization
of biological materials. Since permineralization involves
functional groups, it must occur prior to their loss through
diagenesis, in the earliest stages of preservation. The fact
that primary cherts preserve organic microfossils three-
dimensionally, prior to their having been significantly com-
pressed by burial, similarly attests to very early diagenetic
occurrence of this process.

In contrast, carbonaceous matter in a secondary vein of the
Eo-Archean Strelley Pool Chert shows no enhancement of
Si� associated with C� or CN� (Oehler et al., 2009), which
perhaps reflects a lack of intermixed, fine-grained silica such
as has been imaged in the Gunflint microfossils (Moreau and
Sharp, 2004). Petrographic relationships demonstrate that the
vein formed after the chert matrix (Oehler et al., 2009), and it
and the carbonaceous material within are clearly epigenetic.
The lack of intimately intermixed silica and carbon might
reflect the fact that silica crystallization in the vein occurred
later in diagenesis, when few functional groups remained
in the carbonaceous material and the potential for bond-
ing between silica and organic materials, therefore, was
eliminated.

Thus, the spatial relationships among Si�, O�, C�, and
CN� in the Farrel Quartzite microstructures provide support
for their syngeneity with the chert matrix in which they
occur. This conclusion is in line with (1) petrographic ob-
servations that the Farrel Quartzite microstructures are an
integral part of the primary sedimentary fabric of the matrix
chert (Sugitani et al., 2007), and (2) results of laser-raman
spectroscopy (Dr. J.W. Schopf, personal communication,
2009).

4.3. O� response

In all specimens analyzed, the oxygen response is more
intense than that of the silicon. This was true of the Bitter
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Springs microfossils as well. The intensity of oxygen may
result from a high ionization yield for oxygen in the cesium
beam of the NanoSIMS, or it may, in part, reflect additional
oxygen that was originally a constituent of sugars, proteins,
or lipids, as has been shown by the NanoSIMS mapping of
modern cyanobacteria (Eybe et al., 2007).

4.4. Granules with high yields of C�, CN�, and S�

The granules have only been seen in the large spheroids
and spindles; they do not appear in the small spheroids
analyzed to date. In the granules, the C�, CN�, and S� yields
appear to vary in parallel. In the high-resolution C� and
CN� maps (Fig. 5A–B), the correspondence of high C� and
CN� is apparent. Figure 4A–C also illustrates the corre-
spondence of high S� with high C� and high CN�. This
correspondence suggests that the granules may have been
derived from organic constituents similar to those that
make up the bulk of the large spheroids and spindles. The
fact that the granules are associated with enhanced silicon
and oxygen concentrations at their perimeters (Figs. 4D–E,
5C) suggests that the granules were present prior to silici-
fication. In all characteristics mentioned above, the granules
are different from the secondary carbonaceous material that
was analyzed by NanoSIMS from the secondary vein in a
sample of the Strelley Pool Chert (Oehler et al., 2009). That
material, which seems likely to have been mobilized by
hydrothermal activity, is comprised of dispersed, angular
particles that are very low in CN�, show no parallelism
between intensities of C� and CN�, and show no equivalent
enhancements in Si� beyond the concentrations measured
in the chert matrix.

4.5. Patches with high yields of CN� and S�

The patches with high CN� and S� yields are atypical of
the organic structures in the Farrel Quartzite. They occur
only in association with a partially hollow spindle (Fig. 3).
These patches differ from the granules described above in
lacking correspondingly high C� responses and in their more
irregular, angular shapes and larger size range (*0.1 to
1.5 mm). Because the e-gun was always used, these patches
are unlikely to be an effect of charging. Since all the Farrel
Quartzite samples were analyzed under the same conditions
and since the concentrations of both CN� and S� are much
higher than encountered in other specimens, it is doubtful
that the high CN� and S� patches are artifacts of instru-
mental effects.

Nevertheless, it is not clear whether the nitrogen and
sulfur in these patches are original attributes or whether they
might involve diagenetic addition to an existing carbona-
ceous ‘‘skeleton.’’ If nitrogen and sulfur were added diage-
netically, this must have occurred during the earliest phases
of preservation, as Si� and O� surround the patches, which
implies that the CN�- and S�-enriched patches were present
during the process of silica permineralization (Oehler et al.,
2009).

The enriched patches are adjacent to cavities in the par-
tially hollow spindle of Fig. 3. The cavities have rounded
edges and, in this regard, resemble gas vacuoles that occur in
prokaryotic and some eukaryotic cells. In modern organisms,
gas vacuoles commonly contain nitrogen- and sulfur-bearing
compounds that serve purposes ranging from buoyancy

control to storage of nutrients or waste products (Walsby,
1972; Spencer and King, 1989; Sayama, 2001). Thus, one
possibility is that degraded gas vacuoles in the spindles
might have been a source for added nitrogen and sulfur in
the patches. However, only one specimen of a partially
hollow spindle was imaged in NanoSIMS, and such rela-
tionships are speculative. Future work, aimed at obtaining
NanoSIMS element maps of more examples of partially
hollow spindles, should help in assessment of the signifi-
cance of these patches.

4.6. Spindles

The spindles (Figs. 3–5) are the most enigmatic forms in
this assemblage. Some examples have a nearly geometric
shape, and this has led to concern that they could be pseu-
dofossils, formed by aggregation of particulate organic
matter on crystal surfaces (similar to processes described by
Garcı́a-Ruiz et al., 2002, 2003). While there is no evidence of
such crystals today (the spindles are permineralized by
cryptocrystalline chert), there is the possibility that large
lenticular crystals were present initially but were lost during
early diagenesis. Sugitani et al. (2007, 2009a) assessed po-
tential abiotic origins for the spindles and concluded that the
various abiotic scenarios are unlikely and the spindles are
highly probable microfossils. Recent work by Grey and Su-
gitani (2009) supports this interpretation. These authors
showed that several spindles could be isolated from acid
maceration, which indicates a coherence of structure that
would be unlikely in aggregates of particulate material. The
results from NanoSIMS further attest to a biogenic origin by
demonstrating the globular, aligned, and semi-contiguous
C�, CN�, and S� concentrations that make up the material of
the spindles; the parallelism among their C�, CN�, and S�

responses; and their reticulate internal networks (which
would be difficult to reconcile with any process of surface
aggregation).

While the large size and structural complexity of the
spindles seem surprising for Archean-aged organisms, sim-
ilar forms have been identified in two even older Eo-Archean
deposits (3.44–3.26 Ga sediments of the Onverwacht Group
of South Africa; Walsh, 1992). Nevertheless, the biological
affinities of the spindles are uncertain. Their apparent ro-
bustness might support a derivation from a resistant pre-
cursor that was adapted for survival on an early Earth
subjected to extreme heat, UV, or desiccating conditions.
Walsh (1992) noted the possibility that the spindles in the
Onverwacht Group might have analogues in resistant bac-
terial spores or cysts that could have afforded a survival
advantage on a young Earth where periodic impacts may
have generated nearly planet-sterilizing heat.

Sugitani et al. (2009a, 2009b) suggested that there may be
an association between some of the smaller spheroids in the
Farrel Quartzite deposit and the spindles, where the spindles
might represent a resistant outer wall of the resting stage of
an organism and the small spheroids could represent endo-
spores of that same organism. In fact, in a few images, the
spindles appear to contain small spore-like spheroids, and
perhaps the reticulate internal network that has been imaged
by NanoSIMS might be related to such spores. Alternatively,
the reticulate network may represent an architecture devel-
oped during an early evolutionary phase of morphological
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experimentation that may have no analogy among modern
microbial forms.

The Archean age of the spindles might suggest prokary-
otic affinities. Although their large sizes are more typical of
eukaryotic microbes (Schopf, 1992), some prokaryotic spores
can reach large and even macroscopic sizes (Walsh, 1992).
Certainly the organizational complexity of the spindles (with
their flanges, spearlike appendages, and internal reticulate
networks) attests to a relatively advanced morphology.

Recent biomarker studies by Waldbauer et al. (2009) con-
cluded that biochemical innovation in the Archean laid the
groundwork for all three domains of life (Bacteria, Archaea,
and Eukaryota); accordingly, it is even conceivable that the
spindles could be early representatives of the Domain Eu-
karyota. At a minimum, results from our work support the
existence of a diverse microbiota by 3 Ga with individual
constituents (the spindles) exhibiting an advanced level of
structural organization. These results align with conclusions
from Waldbauer et al. (2009). Both studies point to surprising
evolutionary diversification in the Archean.

5. Conclusions

NanoSIMS element distributions for small spheroids, large
spheroids, and spindles preserved in chert of the *3 Ga
Farrel Quartzite suggest that each of these is a bona fide
microfossil of an Archean microorganism. This assemblage,
then, joins the few handfuls of examples of organically pre-
served microbiotas of Archean age (summarized in Schopf,
2006). And these microbiota join a host of recent stromatolitic
and geochemical results indicative of a multifaceted Archean
biosphere (references listed in the Introduction). Together,
these lines of evidence are building a picture of Archean life
that was surprisingly diverse and probably metabolically
and ecologically more advanced than might have been sur-
mised just a few years ago.

The spindle-like forms are of particular interest because of
their large size and morphological complexity—with flanges,
spearlike appendages, and an intricate internal network that
is integral to both the body and appendages. This level of
organization is in contrast to that of the simpler and gener-
ally smaller spheroids and filaments common to many Pre-
cambrian microbiotas. The spindles are abundant in the
Farrel Quartzite cherts, and they exhibit an apparent ro-
bustness that might suggest an origin from a resistant or-
ganism—possibly one that developed on an environmentally
hostile young planet.

Thus, the microbiota of the Farrel Quartzite is notable, not
only because it comprises a *3 Ga assemblage of organically
preserved microfossils but also because it is diverse and in-
cludes spindle-shaped forms with relatively advanced mor-
phology. If the recent suggestion by Waldbauer et al. (2009) is
correct—that biochemical innovation in the Archean laid the
groundwork for development of the three domains of life—
then our work, which supports the biogenicity and syn-
geneity of the Farrel Quartzite forms, complements and
aligns with this view of early evolution on Earth.

Evolution of life on other planets, similarly, may involve
a phase of early innovation. This may augur well for the
possibility that primitive, extraterrestrial life could adapt to
changing or adverse conditions by ready development of
diversity in form and biochemistry and, accordingly, that

such extraterrestrial life may have been relatively long-
lived.

NanoSIMS is a relatively new technology that has allowed
us to look at submicron-scale elemental composition of or-
ganic material in ancient sediments. We are gaining an un-
derstanding of characteristics that typify fragments of
ancient cells on Earth. This capability can provide insights
into the origin of remnants of organic matter that may be
found in extraterrestrial materials and gives us a new tool
with which to assess the significance of poorly preserved
materials we are likely to encounter in earliest Archean
samples from Earth and in meteorites or other extraterrestrial
samples.
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