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Carbon isotopes of Proterozoic filamentous microfossils: SIMS analyses of
ancient cyanobacteria from two disparate shallow-marine cherts

Jeffrey T. Osterhouta,b , J. William Schopfa,b, Kenneth H. Willifordc, Kevin D. McKeegana,
Anatoliy B. Kudryavtseva,b, and Ming-Chang Liua

aDepartment of Earth, Planetary, and Space Sciences, University of California, Los Angeles, CA, USA; bCenter for the Study of Evolution and
the Origin of Life, University of California, Los Angeles, CA, USA; cJet Propulsion Laboratory, California Institute of Technology, Pasadena,
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ABSTRACT
The surface ecosystem of the Precambrian Earth was dominated by marine, planktonic and ben-
thic phototrophic microorganisms, most prominently stromatolite-forming cyanobacteria, anoxy-
genic photosynthetic bacteria, and associated microbes. Although coupling the early microfossil
record to physiologically definitive geochemical and isotopic signatures remains challenging,
insights can be derived from isotopic studies of individual fossil microorganisms permineralized in
Precambrian cherts. Here, we use correlated optical microscopy, Raman spectroscopy, and second-
ary ion mass spectrometry (SIMS) to link morphology with the molecular and carbon isotopic com-
position (d13Corg) of individual filamentous microfossils (Eomycetopsis sp.) composed of thermally
immature kerogen and preserved in two spatially and temporally distinct shallow-marine cherts of
the Proterozoic Gaoyuzhuang Formation (�1,560Ma, northern China) and Kwagunt Formation
(�850Ma, Arizona, USA). In both geologic units studied, the Eomycetopsis fossils yielded virtually
indistinguishable d13Corg values (–29.0 ± 2.0‰) that are comparable to values resulting from car-
bon fixation via the RuBisCO enzyme in the Calvin cycle of oscillatoriacean cyanobacteria, the
main oxygenic phototrophs of the Proterozoic.
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Introduction

Prior to the �541Ma ‘Cambrian explosion of animal life,’
microorganisms inhabiting aquatic environments prevailed
throughout Earth’s biosphere. Such Precambrian, mostly
prokaryotic microbes, contain carbonaceous cell walls com-
monly well-preserved by permineralization (i.e.
‘petrifaction’) and exhibit relatively simple morphologies,
including spheroids – both solitary and aggregated in
sheath-enclosed colonies – and unbranched multi-celled fila-
ments along with their vacated enclosing cylindrical sheaths
(e.g. Javaux and Lepot 2018; Schopf 1968, 1992; Schopf et al.
2007). Paleobiological interpretations of such taxa have trad-
itionally been based on detailed morphological comparison
with similar extant microorganisms, their metabolism
inferred from these comparisons and their environmental
setting (Knoll 1985b, 2012; Schopf 1968; Schopf et al. 2015).
Relatively recent developments in ion microprobe analyses
of individual carbonaceous microfossils (e.g. House et al.
2000; Oehler et al. 2017; Ueno et al. 2001; Williford et al.
2013) permit in situ comparisons of morphological, geo-
chemical, and carbon isotopic data to more definitively
guide interpretations of ancient Precambrian ecosystems.

Many formally described Precambrian microfossils have
been classified as cyanobacteria, oxygen-producing photo-
synthesizers, evidently extant millions of years into the
Archean and well preceding the �2.2–2.4 Ga Great
Oxidation Event (GOE) (e.g. Anbar et al. 2007; Awramik
1992; Bosak et al. 2009; Buick 1992, 2008; Kaufman et al.
2007). Some such taxa exhibit distinctively diagnostic cyano-
bacterial characteristics, which can be compared in cell-by-
cell detail with genera and even species of extant
Oscillatoriaceans, Nostocaceans, and Chroococcaceans
(Hofmann 1976; Schopf 1968), whereas others, particularly
those reported from Archean deposits, are less informative
(e.g. Awramik et al. 1983; Klein et al. 1987; Ueno et al.
2001; Walsh and Lowe 1985). While oscillatoriacean cyano-
bacteria represent the most commonly reported group of
photosynthetic prokaryotes in the fossil record, their diver-
sity and evolutionary origin prior to the GOE remains
uncertain (Butterfield 2015; Golubic and Seong-Joo 1999;
Schopf 2011; Sergeev et al. 2012). This seeming disparity
between the Proterozoic and Archean fossil records is not
surprising. Sediments surviving to the present from the
Proterozoic are vastly more abundant than those of the
older Archean and, with but few exceptions, are decidedly
less geologically and geochemically altered. Thus, the more
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voluminous and better preserved Proterozoic fossil record is
considered to be a useful reference for interpretation of
putative Archean microfossil-like structures (Knoll 1985a;
Schopf et al. 2007).

In the Proterozoic – as in modern microbial mat com-
munities – photoautotrophic cyanobacteria were primary
contributors to the formation of such shallow-marine sedi-
mentary structures as stromatolites (e.g. Grotzinger and
Knoll 1999), and their role in localized mineral precipitation
has been implicated as well in the generation of pisolites,
oncolites (e.g. Knoll et al. 1989; Swett and Knoll 1989), and
cherty and carbonate chemical sediments (e.g. Kremer et al.
2012). Diverse types of cyanobacteria have also been
recorded actively photosynthesizing within extant stromato-
litic microbial mat communities (e.g. Burns et al. 2004; Reid
et al. 2000).

The geochemical composition of individual Precambrian
microfossils has recently been used both to verify and revise
initial taxonomic classifications, and secondary ion mass
spectrometry (SIMS) analyses of their stable carbon isotope
(d13C) compositions have revealed differences among
Proterozoic and Archean microbial assemblages (e.g. House
et al. 2000, 2013; Schopf et al. 2018), and between morpho-
logically distinct microfossils (Williford et al. 2013) that pre-
viously had been masked in bulk (~25 g) analyses of whole-
rock samples (see Strauss et al. 1992a, 1992b; Strauss and
Moore 1992). These bulk mixtures are necessarily dominated
by the prime organic carbon source, which consists of par-
ticulate detrital kerogen in addition to the pre-
served microbiota.

In the Precambrian, secular changes in the global carbon
cycle are controlled by long-term variations in the fractional
burial of organic carbon, most being recycled into the bio-
sphere ( Hayes et al. 1999; Des Marais 2001). Nevertheless,
the 25 ± 10& offset between d13Corg and d13Ccarb has
remained essentially constant throughout most of geologic
history (Hayes et al. 1983, 1999; Schidlowski 2001). This
robust isotopic difference between organic and inorganic
carbon in Precambrian sedimentary rocks is primarily due
to the preferential uptake of 12C relative to 13C during bio-
logical carbon fixation by primary producers. In photoauto-
trophs such as cyanobacteria (and higher plants), the
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
enzyme is the biological molecule primarily responsible for
the kinetic isotope effect that discriminates between 12C and
13C (e.g. Farquhar et al. 1989; Hayes 1993). Thus, organic
biomass becomes 13C-depleted relative to the 13C-enriched
inorganic carbon (atmospheric CO2 and its dissolved car-
bonate rock-generating derivative, HCO3

�), both signatures
frequently preserved within minimally altered sedimentary
rock units (Hayes et al. 1999; Schidlowski 2001).

Despite the great inroads in deciphering the Precambrian
fossil record since the inception of the modern field in the
mid-1960s, it has been difficult to reliably assess the physio-
logical similarities (or differences) of morphologically com-
parable microfossils separated both spatially and temporally
in the rock record. The fossils of the �1,560Ma
Gaoyuzhuang Formation of Jixian, China and the �850Ma

Kwagunt Formation of Arizona, U.S.A., meet this need –
the deposits are geographically and temporally distinct, both
contain microbial assemblages preserved by permineraliza-
tion in shallow marine cherts, and many of their biotic com-
ponents are morphologically virtually identical.

Studied samples of the Gaoyuzhuang Formation micro-
biota are preserved in finely laminated stromatolites, indica-
tive of a relatively quiescent setting, whereas the fossiliferous
Kwagunt cherts are pisolitic, deposited in a more agitated
shallow-marine environment. In both deposits filamentous
microfossils are abundant, widespread and three-dimension-
ally preserved. In the petrographic thin sections studied,
small portions and occasionally longer parts of whole fila-
ments are exposed at thin section surfaces, in most instances
free from background detrital kerogen making them particu-
larly suitable for in situ SIMS carbon isotope analyses. SIMS
measurements of individual fossil filaments in the two
deposits thus provides a current state-of-the-art method to
assess the physiological similarities (or differences) of com-
parably preserved, morphologically similar microfossils,
widely separated both in space and time.

Materials and methods

Geologic units studied

The Mesoproterozoic �1,560Ma Gaoyuzhuang Formation
(Jixian Group of northern China) is a shallow-marine subti-
dal deposit containing abundant silicified conical stromato-
lites. Permineralized within the stromatolitic chert layers are
unbranched, cylindrical, 2–4 mm-broad filamentous micro-
fossils referred to Eomycetopsis sp. and interpreted to repre-
sent extracellular originally mucilaginous sheaths of
oscillatoriacean cyanobacteria preserved as a result of early
diagenetic silicification (Schopf et al. 1984; Zhang 1981). In
addition, here analyzed from the Gaoyuzhuang cherts are
larger-diameter (30–40 mm-wide) tubules similar to the ori-
ginally trichome-encompassing sheaths of Lyngbya-like oscil-
latoriaceans (e.g. Schopf et al. 1984; Schopf and
Sovietov 1976).

Carbonate rocks of the Gaoyuzhuang Formation evidence
physically stable marine conditions and have carbon isotope
(d13Ccarb) values that average �0.5 ± 0.5& and range from
approximately �3& to þ1& (Chu et al. 2004, 2007; Guo et
al. 2013; Hongwei et al. 2011). Of numerous carbonates ana-
lyzed from the five formations of the Jixian Group (Guo et
al. 2013) – in total having an average d13Ccarb of �0.3&
and ranging between �1& and þ1& (with the exception of
a 50-m interval that records a negative excursion to �2.5&)
– those of the Gaoyuzhuang Formation exhibit the least
d13Ccarb variability.

Bulk (25-g sample) d13Corg values for carbonaceous mat-
ter in Gaoyuzhuang chert and carbonate lithologies range
from �32.0& to �26.4&, and average �30.9& for total
organic carbon (n¼ 8) and �31.2& for extracted kerogens
(n¼ 2) (Strauss et al. 1992b; Strauss and Moore 1992), val-
ues a few per mil lower than the average of �27.4 ± 1.2&
for total organic carbon (n¼ 5) earlier reported by Schopf et
al. (1984).
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The minimum age of the Gaoyuzhuang Formation is
constrained by U-Pb determinations of 1,559 ± 12Ma meas-
ured by SIMS (SHRIMP) and 1,560 ± 5Ma (LA-MC-ICPMS)
in zircons from a tuff bed in the upper Gaoyuzhuang
Formation (Li et al. 2010), refined from an earlier reported
Pb-Pb age of 1,435 ± 50Ma (Schopf et al. 1984) and assumed
age of �1,425Ma (e.g. Moore and Schopf 1992). Additional
U-Pb age data from volcanics of the underlying Dahongyu
Formation provide a maximum age of 1,625 ± 6.2Ma (Lu
and Li 1991; Meng et al. 2011) for the fossiliferous cherts
studied here.

The other geological unit here investigated, the
Neoproterozoic Kwagunt Formation of the upper Chuar
Supergroup in the Grand Canyon, Arizona (U.S.A.) is a
shallow-marine peritidal deposit, the pisolitic cherts of the
Walcott Member containing permineralized filamentous
microfossils. The fossiliferous pisolites formed in a mildly
agitated, tidally influenced setting through the sequential
accretion of thin siliceous rinds that were repeatedly colon-
ized by microbial communities (Schopf et al. 1973). The
2–4 mm-broad filamentous ‘Eomycetopsis-like’ Kwagunt
microfossils reported by Schopf et al. (1973) are morpho-
logically closely similar to the Eomycetopsis specimens ana-
lyzed from the Gaoyuzhuang cherts (Figure 1).

Most of the d13Ccarb values measured for carbonates from
the Walcott Member of the upper Kwagunt Formation fall
within a wide range extending from �6& to þ5&, with an
average of �1.1 ± 3.5&; however, the least geochemically

altered samples have values close to zero (Karlstrom et al.
2000; Summons et al. 1988). Bulk (�25 g) d13Corg values for
carbonaceous matter extracted from shales, carbonates and
cherts of the Kwagunt Formation range from �27.7& to
�26.1& and average approximately �26.7& (n¼ 8)
(Strauss and Moore 1992), a value similar to earlier reported
d13Corg values of �25.7 ± 0.13& (n¼ 4) for bulk kerogens
and acid-macerated Melanocyrillium vase-shaped microfos-
sils extracted from Kwagunt shales (Bloeser 1985). Notably,
all of these values fall within the broader range of �28& to
�22& (average ¼ �25.6 ± 1.3&) measured throughout the
Chuar Group strata (Karlstrom et al. 2000) and are similar
to the average d13Corg value of �25.9& of carbonaceous
matter analyzed in two additional Chuar Group carbonates
(Summons et al. 1988).

The age of the Kwagunt Formation is estimated for the
Walcott Member to be �850Ma (�830 to �1,090Ma)
(Ford and Breed 1973; Moore and Schopf 1992) and is also
constrained by a U-Pb age of 742 ± 6Ma from an ash bed at
the top of the Walcott Member (Karlstrom et al. 2000).

Bulk analyses of the d13Ccarb and d13Corg compositions of
the fossiliferous Gaoyuzhuang and Kwagunt Formations
provide important reference points for evaluation of the
SIMS analyses of individual microscopic fossils reported
here from the two units. The d13Ccarb and d13Corg values of
the Gaoyuzhuang and Kwagunt Formations are similar
(average d13Ccarb values of �0.5 ± 0.5& and �1.1 ± 3.5&,
and average d13Corg values of �30.9& and �26.7&,

Figure 1. Transmitted light photomicrographs of permineralized kerogenous microfossil filaments (Eomycetopsis sp.) in petrographic thin sections of cherts from
the Kwagunt Formation (A, B) and Gaoyuzhuang Formation (C, D). The photomicrographs in B and D illustrate the three-dimensional preservation of the fossils
exposed at thin section surfaces, whereas the composite photomontages of stacked images (A, C) illustrate the filamentous morphology of multiple microfossils
within the field of view.
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respectively), and they are typical of most other marine car-
bonate-dominated deposits analyzed from the Proterozoic
rock record (Schidlowski 2001).

Sample preparation

Polished �50–150mm-thick petrographic thin sections of
cherts from the Gaoyuzhuang and Kwagunt Formations
were surveyed using transmitted light optical microscopy to
locate surface-exposed microfossils and associated detrital
kerogen appropriate for SIMS analysis. Fossiliferous areas of
thin sections containing surface-exposed filaments were cut
into �1’ round mounts suitable for the SIMS sample holder,
the fossils being positioned as close to the center of the
mount as possible to avoid unwanted effects from measure-
ments near the sample edge. The samples and epoxy-
mounted standards were cleaned and sonicated in deionized
(DI) water three times for 1min., rinsed in DI water after
each treatment and then sonicated in ethanol for 30 s and
again rinsed in DI water and sonicated for 1min. The
cleaned samples were then dried overnight in a vacuum
oven at 50 �C. After cleaning, the target microfossils and
associated kerogenous detritus in each mount were photo-
graphed using transmitted and reflected light at multiple
magnifications (Figure 1) using a Leica DM6000 housed at
the NASA Jet Propulsion Laboratory (JPL)
Astrobiogeochemistry Laboratory (abcLab), and their stage
coordinates were documented relative to diamond scribe-
inserted fiducial marks near the section edges.

Scanning electron microscopy (SEM) of the analyzed
specimens was then performed at the JPL abcLab using a
Hitachi SU-3500 SEM to acquire images in secondary and
backscattered electron modes. After applying a 3-nm-thick
platinum (Pt) veneer to the sample surface, SEM images
were acquired under high vacuum using an accelerating
voltage of 15 keV at a working distance of �7mm.

Prior to subsequent SIMS analyses at UCLA’s W.M. Keck
Foundation Center for Isotope Geochemistry, the mounts
were covered with a thicker (�30 nm) gold coat required for
conductivity, and were degassed overnight in the SIMS sam-
ple storage chamber. After each SIMS analysis session, the
gold coat was removed with a 0.1-mm aluminum oxide pol-
ishing solution, and each specimen was re-imaged with the
SEM in order to confirm the accuracy of the positioning of
analytical SIMS pits (Figures 4(C,D) and 5(C,D)).

Standards

Due to the scarcity of appropriate reference standards for
calibrating the carbon isotopic compositions of chert-per-
mineralized carbonaceous microfossils, this study began with
analyses of three new potential standard mounts prepared
from carbonaceous chert samples of the �3,350Ma Fig Tree
Group collected near Lows Creek in eastern Transvaal,
South Africa and housed in the Precambrian Paleobiology
Research Group (PPRG) collections at UCLA (Walter et al.
1983). Standards made from the Fig Tree chert include
mount PPRG-215-1/2, as well as two others (FTS-1 and

FTS-2) from a sample collected approximately 30 km south
of Lows Creek on the southeastern side of the Barberton
Greenstone Belt (25�550S, 31�160E) and provided to K. H.
Williford by M. Van Kranendonk. To establish the suitabil-
ity of new chert-kerogen standards from natural samples, it
is desirable for them to contain carbonaceous matter of a
known – and ideally homogenous – carbon isotope compos-
ition, yield a carbon secondary ion signal intensity within
the same dynamic range as that found within fossiliferous
cherts, and come from a geologic unit with a well-character-
ized depositional context and thermal maturity. The newly
prepared standards each contain three or four rock chips of
organic-rich chert centered within a �1’ round epoxy
mount and polished to a<1-mm finish. Multiple d13Corg

measurements were made on the individual rock chips to
determine their isotopic homogeneity and thereby establish
their suitability for use as SIMS standards. These ‘rock chip
measurements’ were then compared to preexisting Fig Tree
chert standard PPRG-215-2a from the original rock collec-
tion (Hayes et al. 1983; House et al. 2000; Walter et al.
1983), previously used in SIMS studies of similarly preserved
Precambrian microfossils (e.g. House et al. 2000, 2013;
Williford et al. 2013) and having an established d13Corg

value of �31.5& (Hayes et al. 1983; House et al. 2000).

Raman spectroscopy

Raman spectroscopy was used to document the kerogenous
composition and geochemical maturity of each analyzed
microfossil as well as those of the associated particulate
detrital kerogen (Figure 2). Raman point spectra and 2-D
geochemical maps were acquired and used to characterize
the spatial relationships between fossil and associated kero-
gen and the enclosing microcrystalline quartz chert matrix
(Figure 2(B,E)). These Raman data were acquired at the
Raman Laboratory of UCLA’s Center for the Study of
Evolution and the Origin of Life using a T64000 triple-stage
confocal laser-Raman system equipped with an argon ion
laser having an excitation wavelength of 457.9 nm, a spectral
window centered at �1700 cm�1 and a �1 mm spot size.
Two-dimensional Raman geochemical maps were acquired
across a �20� 20-mm area at 0.5–2.0mm depth. Spectra
here shown (Figure 2(C,F)) are normalized to the intensity
of the G-band of kerogen.

Raman geothermometry calculations were performed to
provide an estimate of peak metamorphic temperatures.
Processed Raman spectra of kerogen were deconvoluted
using the method described by Kouketsu et al. (2014) with
the software package PeakFit (v.4.12; SeaSolve Software Inc.,
Massachusetts, U.S.A.) using their ‘fitting G’ for low-grade
carbonaceous matter of the Gaoyuzhuang and Kwagunt
Formations, and ‘fitting D’ and ‘fitting B’ for the PPRG-215-
1 and FTS-1 standards, respectively. From these deconvo-
luted spectra, approximate peak metamorphic temperatures
were calculated using the equation

T �Cð Þ ¼ –2:15 FWHM� D1ð Þ þ 478
(1)
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where FWHM-D1 (cm�1) represents the full width at half
maximum for the D1 Raman band of carbonaceous matter
(i.e. kerogen) centered at 1350 cm�1. This calculation is reli-
able for temperature measurements in the range of
150–400 �C with an error of ±30 �C (Kouketsu et al. 2014).

Carbon isotope measurements

Bulk carbon isotope analysis
Samples from the Gaoyuzhuang and Kwagunt cherts used in
this study had been previously analyzed to determine their
‘whole rock’ (bulk, 25-g sample) carbon isotope composi-
tions (Strauss et al. 1992b; Strauss and Moore 1992). In the
Astrobiogeochemistry Lab at the NASA Jet Propulsion
Laboratory (JPL), multiple new d13C measurements were
made of the carbonaceous residues from hydrochloric acid-
dissolved rock chips of the Fig Tree chert used to prepare
the new reference mounts (FTS-1, FTS-2), the same geologic
unit from which the original PPRG-215-1 standard was ini-
tially obtained (Hayes et al. 1983; House et al. 2000). Rock
chip samples of black chert (�5 g) were powdered and
treated in 6N HCl for 72 h at 60 �C, with the acid being
replaced twice after 24 h. The carbon abundances of the
resulting residues were prepared for analysis via combustion
and automated, preparative chemistry using a Costech 4010
Elemental Analyzer, and their total organic carbon (TOC)
and d13Corg values measured by a coupled Thermo Delta V
Plus isotope-ratio mass spectrometer. TOC was calculated
by comparing the integrated area under peaks for m/z 44,
45, and 46 ions in the samples with those from multiple

analyses of acetanilide reference material (having a known
total carbon abundance) acquired during the same sequence.

SIMS carbon isotope analysis
SIMS carbon isotope measurements were performed during
two analytical sessions (5/25/2018 and 1/9–1/14/2019) on
the CAMECA IMS-1290 at UCLA using multicollection
mode with 12C2

– detected on a Faraday cup and 12C13C–

detected using an electron multiplier at a mass resolution of
�6,000 that resulted in the separation of molecular hydride
interferences. A 20 keV, �1–2 nA 133Csþ primary ion beam
was focused to a 10 mm spot size; a 5� 5 mm raster in com-
bination with 100% dynamic transfer was used during the
measurements to reduce the down-pit isotope fractionation.
Each analysis included 45 s of presputtering and a total
counting time of 240 s over 20 measurement cycles. Count
rates determined with the electron multiplier were corrected
for deadtime (65 ns) and Faraday cup signals were corrected
for background levels determined for each analysis by
deflecting the secondary ion beam out of the Faraday cup
during presputtering.

Multiple measurements of the chert-kerogen standard
were used to bracket groups of 15–20 analyzed specimens.
The small size of the analyzed fossil filaments (many
�2–4 mm in diameter) compared to the diameter of the ana-
lytical spot (�10 mm) yielded low ion count rates and lower
precision compared to larger and/or better exposed fossils
and more carbon-rich areas of the chert matrix. Microfossil
analyses having low relative count rates (12C2

–
rel, %) below

�7%, were noted although there was no observed correl-
ation between d13Corg and 12C2

–
rel values for accepted

Figure 2. Representative transmitted light photomicrographs (A, D), 2-D Raman images (B, E), and Raman spectra (C, F; normalized to the kerogen G-band) of typ-
ical fossil filaments from the Gaoyuzhuang (A, B, C) and Kwagunt (D, E, F) cherts. The 2-D Raman geochemical images (B, E) show the distribution of kerogen com-
prising the walls of the permineralized fossils (green) relative to the filament-infilling and background quartz matrix (blue). The kerogen Raman spectra (C, F)
consist of two bands, the ‘disordered’ D-band (�1,350 cm�1) and the ‘graphitic’ G-band (�1,600 cm�1), and showing estimated peak metamorphic temperatures;
the quartz peak in each spectrum (465 cm�1) is derived from the fossil-encompassing and -infilling chert matrix. Raman images were obtained using a spectral win-
dow encompassing the G-band of kerogen, from �1,575 cm�1 to �1,625 cm�1.
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sample analyses, with the exception of some kerogen-poor
background measurements (Table S1; Figures S1 and S2,
Supplemental Material). Analyses of associated detrital kero-
gen typically had low relative count rates due to the sparse
distribution of particulate organic matter in the analyzed
cherts, and thus the d13Corg values for background kerogen
are here included in the data presented despite having rela-
tively low internal precision.

Instrumental bias (aSIMS) was determined by calculating
the average ‘raw’ value (d13Craw ¼ [(12C13C/12C12C)measured/
(0.01118� 2) � 1]� 1000) using the revised 13C/12C ratio of
0.01118 for VPDB (Beerling 2001; Chang and Li 1990;
Farquhar and Lloyd 1993), for 5 to 8 bracketing analyses of
the working standard (PPRG-215-1/2 or FTS-1) compared
to its average carbon isotopic (d13Cbulk) value (PPRG-215-1/
2 ¼ �31.5&, Hayes et al. 1983; FTS-1 ¼ �13.5&, this
study), following the method described by Kita et al. (2009)
and Williford et al. (2013):

aSIMS ¼ ðd13Craw þ 1000Þ=ðd13Cbulk þ 1000Þ:

(2)

The aSIMS value thus obtained permits the correction of
raw d13C values for unknown sample analyses using a
second equation (Williford et al. 2013):

d13CVPDB sampleð Þ ¼ ð1þ d13Craw sampleð Þ=1000=aSIMS–1
� �

� 1000:

(3)

Following the methods established by previous SIMS
studies of kerogenous microfossils (e.g. House et al. 2013;
Schopf et al. 2018; Williford et al. 2013), external precision
(i.e. reproducibility) was calculated as two standard devia-
tions (±2SD) of the d13Craw values obtained for the bracket-
ing measurements of the standard. Internal precision was
calculated as two standard errors (±2SE) of d13Craw values
measured over 20 individual cycles for each SIMS analysis,
results largely influenced by the heterogeneity in abundance
of organic carbon at depth within the target area affecting
counting statistics.

Results

Over the course of the two SIMS analytical sessions, a total
of 307 analyses were made including 241 measurements of
the chert-kerogen reference standards and 66 measurements
of target-sample microfossils and associated particulate kero-
gen. In general, the standards exhibited greater secondary
ion intensities (>1.5� 106 cps, counts per second for
12C12C–) and more isotopic homogeneity (± �1.5–3.5&;
2SD) than the samples. The large number of measurements
performed in this study enabled detailed evaluation of the
newly prepared reference standards for their suitability as
chert-kerogen standards in SIMS d13Corg analyses, and for
comparison of the variation among carbon isotope signa-
tures preserved in carbonaceous microfossils chert-

permineralized in two temporally and spatially disparate
Proterozoic marine ecosystems. Raman spectra of quartz
and kerogen in the samples and standards demonstrate the
similarities in their geochemical composition. The FTS-1
mount was used as the primary working standard during
SIMS sample analyses, and the instrumental mass fraction-
ation (IMF, &) for this standard averaged �15.2& during
the first session (n¼ 18) and �14.3& for the second session
(n¼ 81). The IMF determined for the other chert-kerogen
standards measured during the second session are within
�2& of the average value for FTS-1. These data indicate
that any matrix effects arising from chemical and/or min-
eralogical differences between the samples and standards
during SIMS analysis are minimal. Raman geothermometry
calculations for kerogen show a large difference in estimated
peak metamorphic temperatures between the samples and
the standards, and between the two isotopically distinct
standards. Kerogen in the Gaoyuzhuang Formation cherts
has an approximate peak temperature of �230 ± 30 �C, and
the Kwagunt Formation samples have a similar estimated
value of �190 ± 30 �C. Peak temperatures for the standards
are estimated to be much higher, with the PPRG-215 sample
producing an average of �375 ± 30 �C, and the FTS-1 sam-
ple reaching temperatures greater than 400 �C (Table S2;
Figure S3, Supplemental Material).

Chert-kerogen standards

The original Fig Tree chert standard (PPRG-215-2a) and the
newly prepared mount from the same rock (PPRG-215-1/2)
analyzed in this study (n¼ 114) had consistent
12C13C/12C12C ratios (±1.5–3.5&; 2SD) and an experimental
bias (i.e. instrumental mass fractionation) of roughly �14 to
�16& with an average 12C2

– count rate of 1.8� 106 cps.
The two additional newly prepared Fig Tree chert standards
(FTS-1, FTS-2; n¼ 127) are isotopically distinct from the
PPRG-215 standards (PPRG-215-2a, PPRG-215-1/2), offset
by �18&, a difference consistent with d13Corg data obtained
from bulk measurements of the FTS standards which yielded
an average of �13.52& ± 0.03 (n¼ 4). SIMS analyses of the
FTS standards yielded similarly consistent d13C values
(±1.4–2.3&; 2SD) with an experimental bias ranging from
�14–16& and an average 12C2

– count rate of 2.3� 106 cps.
External precision (2SD) averaged �2.7& and �2.0& for
all accepted analyses of the PPRG-215 and FTS mounts,
respectively, and external precision for bracketing measure-
ments ranged from �1.1& to �1.5& with minimal instru-
ment drift and consistent aSIMS values ranging from
�0.984–0.986 (Table S1, Supplemental Material). Average
internal precision (2SE) was �1.3& for the PPRG standards
and �1.2& for the FTS standards. To avoid overestimation
of errors and better reflect variations in isotopic composi-
tions and 12C2

– count rates within one spot, total uncer-
tainty (i.e. final error) is expressed as the square root of the
sum of the squares for the standard error of the mean for
the bracketing measurements and the internal precision of
each sample analysis (Table S1, Supplemental Material).
SIMS measurements having 12C2

– count rates below
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2.0� 105 cps were discarded from the data, with the excep-
tion of background particulate kerogen analyses of the sam-
ples. As shown in Table S2 (Supplemental Material), the
new bulk measurements showed that the total organic car-
bon (TOC) values for the FTS samples were consistently
�0.45mg/g, compared to �1.40mg/g from previous meas-
urements of the whole-rock PPRG-215 samples (Hayes et
al. 1983).

Microfossil samples

The d13Corg values of the SIMS target samples, fossils and
associated background kerogen, ranged from �33.8& to
�22.4&, with an average count rate of 8.5� 105 (cps)
(Figure 3; Table S1, Supplemental Material). Gaoyuzhuang
microfossils (n¼ 34; Figure 4) had an average d13Corg of
�29.4 ± 2.5&, the associated particulate kerogen measuring
on average �30.3 ± 2.9& (n¼ 15). Values for 2–4 mm-wide
Gaoyuzhuang Eomycetopsis fossils averaged �28.9 ± 2.2&
whereas the broader, 30–40mm-diameter Lyngbya-like
tubules from the unit had an average d13Corg value of
�31.2 ± 2.9& (n¼ 5). Average internal precision (2SE) for
all measurements of the Gaoyuzhuang samples was �1.9&,
and the average 12C2

– count rate was �7.5� 105 cps.
Eomycetopsis microfossils from the Kwagunt Formation
(n¼ 17; Figure 5) yielded an average d13Corg of
�29.0 ± 1.8&, and the average for background kerogen was
�24.3 ± 1.9& (n¼ 5); however, the background measure-
ments yielded notably low count rates (12C2

–
rel below 7%).

Average internal precision for all measurements of the
Kwagunt samples was 2.1&, and the average 12C2

– count
rate was �1.0� 106 cps.

Discussion

Filamentous microfossils permineralized in carbonaceous
cherts of the �1,560Ma Gaoyuzhuang Formation of north-
ern China and �850Ma Kwagunt Formation of Arizona,
U.S.A. share very similar morphological and preservational
characteristics despite being widely separated in both space
and time, the comparability of their microbial components
attributable to the extremely slow evolution of Precambrian
cyanobacteria. Although previous paleobiological studies and
bulk carbon isotope analyses of organic matter from these
deposits firmly implicated the photoautotrophic composition
of the two communities, it has been only recently that the
combination of morphological, geochemical, and isotopic
analyses of individual microfossils has been available to val-
idate these interpretations. Using optical microscopy, Raman
spectroscopy, and SIMS to analyze, respectively, the mor-
phological, geochemical, and isotopic composition of the
fossils, the data here presented substantiate their earlier pro-
posed taxonomic assignments and provide new means to
interpret their metabolic characteristics.

Chert-kerogen standards

Despite having been collected from the same geological unit,
rock chip measurements of two of the newly prepared Fig
Tree chert-kerogen reference standards for SIMS carbon iso-
tope studies (FTS-1, FTS-2) differ significantly from those of
the originally used PPRG-215 sample (PPRG-215-2a) and
the second mount prepared from the same collection
(PPRG-215-1/2). Whereas the two PPRG samples yielded
bulk d13Corg values of approximately �31.5&, the new FTS
standards – collected at a more metamorphosed locality
than that originally sampled – were relatively enriched in

Figure 3. Histogram of SIMS carbon isotope data for samples from the Gaoyuzhuang (G) and Kwagunt (K) Formations, with d13Corg values placed into 1& bins.
Solid bars (black, gray, white) represent microfossil analyses, and dashed bars (black, gray) show distribution of SIMS data for associated background kerogen.
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13C by �18&, having an average value of �13.5&. Raman
spectroscopy analyses of the kerogen in the two sets of
standards similarly showed a difference in the geochemical
maturity of their kerogenous components consistent with
their geologic settings, those in the FTS samples being
appreciably more heated and geochemically altered (Figure
S3, Supplemental Material). These results are supported by

previously reported Raman data from thermally altered ker-
ogens within the variably metamorphosed Barberton
Greenstone Belt (Tice et al. 2004).

It should be noted, however, that despite the marked dif-
ferences between the two sets of standards, in SIMS analyses
of Precambrian microfossils the use of two isotopically (and
geothermally) distinct standards is potentially valuable, the

Figure 4. Transmitted light (left) and backscattered electron (right) images of representative Eomycetopsis specimens from the Gaoyuzhuang chert analyzed with
SIMS at the thin section surface showing the d13Corg values (&) measured in the �10 mm-diameter analytical pits.

Figure 5. Transmitted light (left) and backscattered electron (right) images of representative Eomycetopsis specimens from the Kwagunt chert analyzed with SIMS
at the thin section surface showing the d13Corg values (&) measured in the �10 mm-diameter analytical pits.
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combination of the differing data sets providing two-point
calibration, a technique that has been suggested to improve
the reliability of stable isotope measurements and their sub-
sequent interpretation (Jardine and Cunjak 2005). As this
investigation represents the first SIMS study of microfossils
to employ two suitable carbonaceous chert standards of dif-
fering isotopic compositions, a simple calibration using all
of the accepted standard analyses from the second SIMS ses-
sion (n¼ 218) was applied to the raw d13C values measured
for unknown samples during that session
(d13CVPDB(calibrated) ¼ 0.9561 � d13Craw þ 13.069). This
calculation yields comparable d13Corg values within �1–2&
to those calculated from equation 3 described above, and a
similar internal precision of �2.3& (2SE; standard error of
the regression).

SIMS carbon isotope analyses

The d13Corg values of Eomycetopsis sp. specimens from the
Gaoyuzhuang (average ¼ �28.9&) and Kwagunt cherts
(average ¼ �29.0&) are indistinguishable despite their not-
able separation in space and time, a similarity consistent
with the marked comparability of their filamentous mor-
phologies, shallow-marine depositional settings, and with the
known evolutionary history of oscillatoriacean cyanobacteria.
The d13Corg values of the Gaoyuzhuang Lyngbya-like sheaths
(–31.2&) are also within the range of the smaller
Eomycetopsis filaments in both units, albeit some 2& lower
on average, with the measured values and calculated fractio-
nations of all specimens falling within the range determined
for modern microbial phototrophs (e.g. Orphan and House
2009; Schidlowski 2001; Zerkle et al. 2005) as well as within
the ranges reported for other SIMS-analyzed Precambrian
cyanobacterial fossils, including spheroidal and ellipsoidal
microfossils from the Gaoyuzhuang Formation (Peng et al.
2016). Such carbon isotope fractionations are consistent
with autotrophic carbon fixation through the Calvin cycle
using RuBisCO (cf., House et al. 2000). Many earlier SIMS
studies appropriately stressed the importance of interpreting
stable carbon isotope values (and fractionations) from
Precambrian fossils and host rocks in their proper geo-
logical, paleobiological, and preservational context. These
factors, which largely control the final isotopic composition
of fossil kerogens, are discussed below.

Carbon isotopes of Proterozoic microfossils

The d13Corg composition of Precambrian sedimentary kero-
gen is primarily determined by the biosynthetic processes
involved in its formation; however, modern microorganisms
kinetically fractionate carbon isotopes to differing extents
depending on the type of metabolism (e.g. Hayes 2001;
Schidlowski 2001; Zerkle et al. 2005). Given this, the sedi-
mentary d13Corg record has been used to infer ancient car-
bon fixation pathways and explore the biogeochemical
carbon cycle of the early Earth (Des Marais 1997; Hayes et
al. 1999; Schidlowski 2001), including physiological interpre-
tations of silicified Precambrian microfossils (e.g. House et

al. 2000, 2013; Peng et al. 2016; Williford et al. 2013) similar
to those investigated here.

In addition to metabolism, the d13Corg value of modern
microorganisms and preserved microfossils is affected by the
isotopic composition of their inorganic carbon source (e.g.
CO2(aq) or HCO3

–), including deposits within the relatively
inconstant shallow-marine photic zone such as those here
studied. It has also been shown that extant cyanobacteria are
capable of using either dissolved CO2 or HCO3

– (Badger
and Price 2003), processes that would presumably result in
differing isotopic compositions for biomass. Although it is
generally assumed that the ocean–atmosphere and inorganic
pools of CO2 and HCO3

– were in thermodynamic equilib-
rium (with equilibrium isotopic fractionation) throughout
the Proterozoic (e.g. Kaufman and Xiao 2003; Schidlowski
2001), the concentration of CO2 has been highlighted for its
simplicity in interpreting isotopic fractionations (e.g. House
et al. 2000; Williford et al. 2013) and the capability of
cyanobacteria to use HCO3

– is thought to be a more recent
development and/or rare occurrence – perhaps evolved as a
response to lower atmospheric CO2 concentrations (Badger
and Price 2003; Nisbet et al. 2007). The d13Ccarb compos-
ition of most sedimentary carbonates therefore likely records
the d13C of dissolved inorganic carbon (DIC) available to
ancient microorganisms and thus the difference between
d13Ccarb and d13Corg values can be used to estimate total
metabolic fractionations (D13C ¼ d13CDIC – d13Corg)
(Williford et al. 2013). This relationship is further expanded
using the following equation (Hayes et al. 1999):

D13Ccarb–org ¼ Dcarb þ ep –D2 (4)

in which Dcarb represents the equilibrium isotope fraction-
ation between sedimentary carbonate and dissolved CO2(aq),
which is temperature-dependent and ranges from �7& at
30 �C to 10.4& at 0 �C, assuming an isotopic composition
of calcium carbonate minerals (e.g. calcite, CaCO3) relative
to DIC (e.g. bicarbonate, HCO3

–) that is lower by �1.2&
(Hayes et al. 1999). The value for kinetic isotope fraction-
ation associated with autotrophic biosynthesis (ep) is the
greatest contributing factor affecting the primary d13Corg

composition of recently deposited organic matter and the
later formation of fossil kerogen. Secondary alteration (D2)
represents the isotope effect(s) due to post-depositional
processes that alter the initial carbon isotope signature,
including decomposition, heterotrophic degradation and
thermal alteration due to burial and metamorphism.

For extant photoautotrophic microbes, isotope fractionation
due to carbon fixation (ep ¼ d13Csubstrate – d13Cfixed carbon) is
dependent on environmental and physiological factors not
only including dissolved CO2 concentrations but also nutrient
availability, cell geometry and growth rate (e.g. Cassar et al.
2006; Guy et al. 1993; Laws et al. 1995, 1997; Popp et al.
1998). Laboratory studies show that ep for the carboxylation of
RuBisCO by cyanobacteria has a typical range of �16–22&
(e.g. Guy et al. 1993; Popp et al. 1998) and a potential max-
imum fractionation of �25& (e.g. Kaufman and Xiao 2003),
compared to phototrophic eukaryotes which have ep values up
to 32& (Roeske and O’Leary 1985; Hayes et al. 1999). Given
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these considerations, the d13Corg values measured for the
Eomycetopsis specimens of the Gaoyuzhuang and Kwagunt
cherts approach the maximum estimated ep for cyanobacteria,
considering most of the d13Ccarb values for these units are
between �1& and þ1& and assuming the surface ocean
temperatures were 15–30 �C (e.g. Garcia et al. 2017; Knauth
2005). This suggests the shallow-marine Eomycetopsis popula-
tions were not limited by low CO2(aq) concentrations or high
growth rates, conditions which tend to lower ep values in
laboratory studies (e.g. Laws et al. 1995, 1997).

In the two deposits studied here, a significant role of sec-
ondary alteration affecting preserved isotopic ratios is ruled
out by the Raman spectra obtained both for the microfossil-
comprising kerogen and the kerogen of the associated back-
ground organic matter. Comparing the Raman spectra of
the Gaoyuzhuang and Kwagunt microfossils (Figure 2) with
previously reported data (e.g. Kouketsu et al. 2014; Schopf et
al. 2005), it is apparent that the microfossils are composed
of thermally immature kerogen – below greenschist facies –
and that geochemical thermal alteration can be essentially
excluded for the specimens studied here (Schidlowski 2001;
Schiffbauer et al. 2012).

The role of heterotrophic recycling by post-depositional
biodegradation might also be considered as a possible factor
affecting the isotopic composition of fossil kerogen.
Measurements of background associated detrital kerogen in
the Gaoyuzhuang samples, yielding d13Corg values
(–30.3 ± 2.9&) similar to previous bulk measurements (ca.
�28 to �31&) for this unit, are well within the range of
values for the microfossils (–29.4 ± 2.5&), suggesting that
the fossils and associated organic matter probably share a
common biosynthetic origin. In contrast, although the
Kwagunt d13Corg analyses for such subsidiary kerogen
(–24.3 ± 1.9&) suffer from relatively low count rates, they
are more similar to bulk measurements of whole-rock speci-
mens (ca. �24 to �26&), which are �3–5& higher than
the values measured for the Eomycetopsis fossils
(–29.0 ± 1.8&). This difference, though relatively small,
could represent deposition of recycled exogenous organic
matter (Johnston et al. 2012) or it may reflect the occur-
rence of degradation by co-existing heterotrophs, perhaps
marine protozoans or early-evolved soft-bodied metazoans
(the Kwagunt dating from �850Ma) as the cyanobacterial
sheaths were selectively preserved (Bartley 1996). DeNiro
and Epstein (1978) classically stated, ‘You are what you eat
(plus a few &),’ describing the isotopic effects of hetero-
trophic alteration on the primary biomass or food source.
Whereas thermal alteration can potentially increase d13Corg

values >10& in highly metamorphosed rocks (Schidlowski
2001) – as shown here by the 18& offset between the two
sets of SIMS standards – the effects of heterotrophic recy-
cling are unlikely to exceed �5& in marine settings (Hayes
1993) and would require a much larger sample size to prop-
erly establish in the Proterozoic rock record.

Biological affinities of microfossils

Analyses of 13C-depleted carbon in kerogenous organic mat-
ter, even for specific microfossils, may not be directly

indicative of biological affinities. Like carbon fixation within
the Calvin cycle, other cellular metabolisms, such as the ace-
tyl-CoA pathway (Fuchs et al. 1979; Preub et al. 1989;
Schidlowski et al. 1983) have been shown to kinetically frac-
tionate carbon isotopes to comparable magnitudes.
Nevertheless, the combination of shared morphological fea-
tures and similar d13Corg values among the filamentous
microfossils studied here, and their notable similarity to
extant and other fossil microbial phototrophs, as well as
their demonstrable occurrence in the photic zone of shal-
low-marine environments, all firmly support their classifica-
tion as oxygen-producing cyanobacteria, photoautotrophs
utilizing the Calvin cycle responsible for their characteristic
d13Corg values. The available data thus support and corrob-
orate the previous taxonomic oscillatoriacean cyanobacterial
assignment of the Eomycetopsis and Lyngbya-like microfos-
sils of the Gaoyuzhuang and Kwagunt Formations (e.g.
Schopf et al. 1973, 1984).

An alternative explanation for the similar d13Corg values
– and interpretation of the microfossil physiologies – is that
they may represent facultative oxygenic–anoxygenic cyano-
bacteria (e.g. Cohen et al. 1975, 1986). Among extant oscilla-
toriaceans this is a relatively widespread capability (e.g.
Padan 1979) that reflects the derivation of the cyanobacterial
lineage from anoxygenic photosynthetic bacteria, which
should have remained prevalent in the Proterozoic oceans
(Johnston et al. 2009). Affinities with other early-evolved
lineages, particularly methanogens, methanotrophs, and sul-
fur- or sulfate-reducing microbes can be effectively ruled out
due to a combination of differences in morphology, metabo-
lisms, isotopic signatures and/or depositional setting.

The findings of this study contribute to the increase in
data obtained for SIMS d13Corg analyses of carbonaceous
Precambrian microfossils and illustrates the potential for
indistinguishable carbon isotope values to be preserved
within samples sharing distinct morphological and deposi-
tional similarities, despite being widely separated in both
space and time. Using additional data from carbon isotope
measurements of inorganic carbon (d13Ccarb) and Raman
spectroscopy, the possibility of reconstructing ancient carbon
fixation pathways for these filamentous microfossils has
become further constrained by in situ SIMS analyses, and in
conclusion documents the ubiquity, persistence, and
extremely slow evolution of oxygen-producing oscillatoria-
cean cyanobacteria, dominant components of shallow water
photic zone environments throughout much of Earth’s
Precambrian history.
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