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1. INTRODUCTION 1 
 2 

The search for evidence of life and habitable environments in ancient sedimentary 3 

rocks on Earth and other planetary bodies is facilitated by the fact that C, H, O, N and S, 4 

elements essential to all organisms, have multiple stable isotopes whose relative 5 

abundances change in characteristic ways when these elements are cycled through 6 

biological processes. Isotopic fractionations in biological systems can result from both 7 

equilibrium and kinetic processes and lead to measurable differences in the isotopic 8 

compositions of metabolic substrates and products. Preservation of these metabolic 9 

substrates and products over million- and billion-year time scales, however, commonly 10 

includes their further transformation into relatively recalcitrant, complex mixtures of 11 

organic matter (kerogen and bitumen) or minerals (e.g. carbonates, quartz, oxides, 12 

sulfates, sulfides, etc.) through secondary (early diagenetic) processes that can impart 13 

additional, abiotic fractionations. After these secondary transformations, isotopic 14 

compositions of sedimentary organic matter and biominerals may be further altered by 15 

tertiary (late diagenetic) processes including metamorphism and metasomatism. 16 

Detection of stable isotopic signatures of life and environment, then, requires 17 

deconvolution of these post-metabolic, secondary and tertiary alteration processes. The 18 

likelihood of biosignature alteration or destruction increases with increasing age, and it 19 

follows that any records of life and environment preserved in the most ancient rocks on 20 

Earth (and Mars, e.g.) are likely to be sparse and ambiguous.  21 

At the regional, outcrop, or drill-core scale, the extent to which biologically-22 

driven isotopic fractionation processes may be recorded in sediments can be assessed by 23 

geologic mapping, visual inspection of hand sample lithology, detailed petrographic 24 



analysis of selected samples, and bulk geochemistry. Bulk stable isotope analysis of 25 

carbon (13C)1 in organic matter and carbonates (e.g. (Hayes, 1983 ;  Eigenbrode & 26 

Freeman, 2006 ;  Hayes, 1994) and sulfur (34S) in sulfides and sulfates (e.g. (Shen et al., 27 

2009 ;  Shen et al., 2001) in powdered outcrop or drill core samples provides important 28 

information about the evolution of biogeochemical cycles, including the presence and 29 

variable expression of particular metabolic pathways (e.g. photosynthesis, methanotrophy, 30 

sulfate reduction).  Paired carbon and oxygen isotope analysis in carbonates (e.g. (Veizer 31 

et al., 1990 ;  Eigenbrode, 2004b), including ‘clumped’ isotope patterns (Eiler, 2011) can 32 

provide important information about diagenetic effects that may obscure original 33 

biological signals. In rocks older than ~2.4 Ga, deviations in the relative abundances of 34 

the rare (33S and 36S) relative to the more common isotopes of sulfur (32S and 34S) from 35 

those expected due to purely mass dependent processes (33S and 36S)2 are thought to 36 

have been produced during UV disassociation of SO2 and possible only in an anoxic 37 

atmosphere (Farquhar et al., 2000). The preservation of such “mass independent” or 38 

“non-mass dependent” fractionation of sulfur isotopes (S-MIF) further requires that sulfur 39 

left the atmosphere as multiple, discreet molecular species (H2SO4 and S0) and escaped 40 

homogenization due to a low concentration of sulfate in the oceans (Ono et al., 2003 ;  41 

Pavlov & Kasting, 2002 ;  Ono, 2008). Measurement of S-MIF has thus been used to 42 

constrain the timing of atmospheric oxygenation (Williford et al., 2011 ;  Bekker et al., 43 

2004 ;  Guo et al., 2009 ;  Farquhar & Wing, 2003 ;  Papineau et al., 2007). Recent 44 
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empirical and theoretical analysis of small deviations in biological fractionation effects 45 

between the individual sulfur isotopes (Johnston et al., 2005 ;  Johnston, 2011), as well as 46 

correlations between anomalously negative bulk 13Corg values and small deviations in 47 

the ratio of 36S to 33S typical for Archean rocks (Zerkle et al., 2012 ;  Thomazo et al., 48 

2009a ;  Thomazo et al., 2009b) suggest that information about atmosphere-biosphere 49 

interactions is uniquely accessible by coordinated carbon and sulfur four isotope analysis 50 

(Ono et al., 2006). 51 

In this study, we build upon insights into the behavior of the Neoarchean (2.8 to 52 

2.5 Ga) biosphere and atmosphere gained from coordinated bulk stable carbon and sulfur 53 

four-isotope analysis by developing and applying the techniques to detect these signals in 54 

situ, at the scale of the microorganisms and microenvironments within which they were 55 

originally preserved. Here we report new methods for, and data from, carbon isotope 56 

analysis of kerogen, calcite, and dolomite, and sulfur three- and four-isotope analysis of 57 

pyrite using secondary-ion mass spectrometry (SIMS). These measurements are made in 58 

petrographic context provided by light and scanning-electron microscopy (SEM), as well 59 

as elemental analysis by energy-dispersive x-ray spectroscopy (EDS). Although this 60 

approach is resource intensive compared to traditional bulk measurements, and is 61 

therefore applied to a relatively small number of rock samples, the information density 62 

per sample is extraordinarily high and inaccessible by other means. The approach we 63 

outline here for spatially resolved, in situ stable carbon and sulfur isotope analysis 64 

provides unique insights into biosignature formation and alteration processes by revealing 65 

spatial heterogeneity and compositional patterns masked by bulk techniques. 66 

 67 



1.1. Hydrocarbons in Neoarchean rocks 68 

 69 

Lipid biomarkers, including polycyclic terpenoids such as hopanes and steranes 70 

(the diagenetic products of bacterial and eukaryotic membrane lipid components, 71 

respectively), extracted from shales and carbonates of Neoarchean strata in the Pilbara 72 

Craton of Western Australia (WRL1, RHDH2 and SV1 cores), and sediments from the 73 

Transvaal Supergroup of the Kaapvaal Craton of South Africa (GKF and GKP cores) 74 

were proposed to record of some of the oldest molecular evidence of life on Earth, 75 

including the oldest evidence for eukaryotes, and indicative of oxygenic photosynthesis 76 

hundreds of millions of years prior to initial atmospheric oxygenation (Brocks et al., 77 

2003a ;  Brocks et al., 2003b ;  Brocks et al., 1999 ;  Brocks et al., 2003c ;  Eigenbrode et 78 

al., 2008 ;  Eigenbrode, 2004a ;  Waldbauer et al., 2009).   79 

These reports described the risks of false positives in the search for syngenetic 80 

Archean hydrocarbons, and the authors took great care to evaluate the possibilities for 81 

contamination that would have confounded their interpretations. Recently, new scientific 82 

drill cores intersecting sediments of the Fortescue and Hamersley groups in the Pilbara 83 

have been obtained by the Agouron Institute Drilling Project.  Extraordinary measures 84 

were taken to minimize, monitor and understand contamination for the specific purpose 85 

of testing whether the Neoarchean hydrocarbons are indigenous and syngenetic. 86 

Analytical work is still ongoing and offers the best opportunity to resolve this question.  87 

The syngenicity of Neoarchean biomarkers has been more directly called into 88 

question by a study that used spatially resolved, in situ 13C measurements of kerogen 89 

and pyrobitumen in samples of the Roy Hill Member of the Jeerinah Formation taken 90 



from the WRL1, DDH 186 and FVG-1 drill cores. The authors argued on the basis of a 91 

10–20‰ difference in 13C between the extracted hydrocarbons and less mobile, and 92 

relatively 13C-depleted organic phases such as kerogen and pyrobitumen that the 93 

hydrocarbons must postdate peak metamorphism at ~2.2 Gyr ago (Rasmussen et al., 94 

2008). The measurements by Rasmussen et al. (2008) were made using a NanoSIMS 50 95 

(commonly called “NanoSIMS”) that rasters a beam of Cs+ ions across a 25 m2 area on 96 

the surface of a sample. NanoSIMS excels at 50-100-nm-scale isotopic  elemental 97 

mapping (e.g. (Oehler et al., 2009).  However, a number of factors such as quasi-98 

simultaneous arrival (Slodzian et al., 2004), electron multiplier ageing, and extreme 99 

sensitivity to surface relief due to the short working distance (Fletcher et al., 2008) are 100 

impediments to achieving the sub-per mil accuracy and precision for natural abundance 101 

light stable isotope analysis at m-scale spatial resolution for which the large radius 102 

multi-collector ims1280 (commonly called “1280”) SIMS instrument was designed 103 

(Valley et al., 2009). For example, a relation between instrumental bias and H/C was 104 

observed during 13C measurements of organic matter using a large radius ims1270 105 

(Sangély et al., 2007 ;  Sangély et al., 2005), and the extent to which this affects 106 

NanoSIMS measurements is unknown.  107 

“Orientation effects”, or measurable relations between instrumental bias and 108 

crystal orientation, can also adversely affect accuracy of SIMS measurements. In such 109 

cases, relatively high “spot-to-spot” precision as measured on an individual standard 110 

grain in a single orientation may belie significant “grain-to-grain” differences in bias that 111 

arise from different crystal orientations and thus degrade true reproducibility and 112 

accuracy. For example, orientation effects in sphalerite and galena lead to degraded 113 



precision and accuracy in 34S analyses of these minerals relative to analyses of pyrite 114 

made with the same method, but for which there is no known orientation effect (Kozdon 115 

et al., 2010). An orientation effect has been observed in 13C measurements of individual 116 

graphite crystals in the WiscSIMS laboratory (Ushikubo et al., unpublished). To our 117 

knowledge, the impact of orientation effects on NanoSIMS measurements of natural 118 

abundance stable isotope ratios remains unstudied. Here we report our efforts using a 119 

large radius ims1280 to develop a multi-proxy approach for the detection of signs of life 120 

and planetary evolution in ancient geologic samples, an approach that in our view 121 

provides an optimal combination of spatial resolution, precision, and accuracy. 122 

 123 

1.2 Geologic Setting 124 

 125 

The samples used in this study come from the Mount Bruce Supergroup, a 2.77 to 126 

2.43 Ga package of sedimentary and volcanic rocks deposited in the Hamersley Basin on 127 

an Archean granite greenstone terrain within the Pilbara Craton of Western Australia 128 

(Trendall & Blockley, 1970 ;  Blake et al., 2004) Figs. S1 and S2 in the Supplementary 129 

Information (SI) show a geologic map and composite stratigraphy, respectively. 130 

These rocks are remarkably well preserved for their age, having been subjected 131 

only to prehnite-pumpellyite facies burial metamorphism at the basin scale and 132 

hydrothermal alteration locally (Smith et al., 1982 ;  White et al., 2014b). Samples were 133 

selected in order to document in greater detail the range of organic and isotope 134 

geochemical heterogeneity observed in several earlier studies of Neoarchean drill core 135 

from the Pilbara Craton, Western Australia (Czaja et al., 2010 ;  Eigenbrode & Freeman, 136 



2006 ;  Kaufman et al., 2007 ;  Rasmussen et al., 2008 ;  Ono et al., 2003). Eleven 137 

samples ranging in age from ~2.5 to ~2.7 Ga were subsampled from the ABDP-9, WRL1, 138 

RHDH2a, and SV1 drill cores: samples from the WRL1, SV1, and ABDP-9 drill cores 139 

are proximal to the depocenter of the Hamersley Basin, whereas samples from the 140 

RHDH2a core, drilled in the Ripon Hills area, likely represent the basin margin (Czaja et 141 

al., 2010 ;  Eigenbrode & Freeman, 2006). Stratigraphic correlation and depositional age 142 

models are facilitated by impact spherule layers observed ~2.5 m below the 143 

Jeerinah/Marra Mamba contact near the depocenter in the main outcrop area (Hassler et 144 

al., 2005) and ~60 m above the Jeerinah/Carawine contact near the margin in the Oakover 145 

River area (Rasmussen et al., 2005). An important implication of this correlation is that 146 

the Carawine Dolomite in the Oakover River area represents carbonate deposition in a 147 

shelf setting that is time equivalent to deeper water iron formation deposition in the 148 

Marra Mamba Fm located to the southwest (Eigenbrode, 2004b ;  Eigenbrode & Freeman, 149 

2006). On this basis, rocks from the RHDH2a and WRL1 cores can be considered along 150 

an increasing depth gradient across the basin. In that light, near-zero 56Fe values near the 151 

center of the basin were interpreted by Czaja et al. (2010) to represent a dominance of 152 

hydrothermal and clastic Fe, whereas correlated low 56Fe and total Fe values on the 153 

margin suggest active dissimilatory iron reduction (DIR).  154 

 155 

2. SAMPLES AND METHODS 156 

 157 

2.1 Descriptions of Samples and Standards 158 

 159 



2.1.1 Samples 160 

 161 

Sample selection for this study was guided by previously reported stratigraphic 162 

and bulk geochemistry data from the SV1, RHDH2a, and WRL1 cores (Czaja et al., 163 

2010 ;  Eigenbrode & Freeman, 2006) and from the ABDP-9 core (Kaufman et al., 2007), 164 

and we refer the reader to those publications for further contextual information about the 165 

specific sample depths discussed below. Locations of drill cores and their general 166 

stratigraphic contexts are shown in Fig. S1 and S2. We note that all samples analyzed in 167 

this study were collected from depths greater than 50 m, below the zone of significant 168 

surface weathering. 169 

Samples chosen for this study from the SV1 core (55.3 and 126.4 m) come from 170 

the ~2.7 Ga Tumbiana Fm, a unit in the lower part of the Fortescue Group represented in 171 

deeper parts of the basin by shales (as is the case with these samples), and in shallower 172 

parts by (commonly stromatolitic) carbonates. One sample from the lower portion of the 173 

RHDH2a core (285.3 m) comes from the pyritic black shale of the Roy Hill Member of 174 

the ~2.6 Ga Jeerinah Fm, deposited in deep water and located near the top of the 175 

Fortescue Group. A single sample from ~30 m higher in the RHDH2a core (252.2 m) 176 

represents shallower (shelf facies) deposition in the Carawine Dolomite (Eigenbrode & 177 

Freeman, 2006). Bulk inorganic carbon isotope values reported from this unit fall around 178 

0 ± 0.8‰ (Shields & Veizer, 2002), and are interpreted to represent original Archean 179 

carbonate. Two samples of Wittenoom Dolomite (289.45 and 520.6 m), one sample from 180 

the Marra Mamba Formation (659.55 m), and one sample of the Jeerinah Fm (679.9 m) 181 

were taken from the WRL1 core. Three samples of pyritic black shale in the Mount 182 



McRae Shale were taken from the ABDP-9 core: above (111.22 m), within (148.37 m), 183 

and below (161.02 m) the interval within which multiple geochemical proxies (including 184 

33S) were interpreted to record a transient episode, or “whiff” of surface oxygenation 185 

(Anbar et al., 2007 ;  Kaufman et al., 2007). Samples from the WRL1, RHDH2a, and 186 

SV1 cores were chosen to represent the wide range of published, bulk 13Corg values 187 

interpreted as evidence for Neoarchean aerobiosis (Eigenbrode, 2004b ;  Eigenbrode & 188 

Freeman, 2006). Fig. S1 shows the locations of drill cores sampled for this study, and Fig. 189 

S2 shows the relative position of the sampled units within composite Neoarchean 190 

stratigraphy of Western Australia. Reflected light and backscattered electron mosaic 191 

images of each sample with locations of individual targets are shown in SI (Figs. S8–192 

S16). 193 

 194 

2.1.2. Existing  SIMS standards 195 

 196 

In order to optimize SIMS precision and accuracy, analyses of samples of 197 

unknown isotopic composition are bracketed by analyses of standard materials that, 198 

ideally, are mounted together with samples and meet the following criteria: 1) bulk 199 

isotopic composition is calibrated by “conventional” analysis, 2) “spot-to-spot” and 200 

“grain-to-grain” isotopic composition is homogenous at the micrometer scale based on 201 

repeated SIMS analysis, and 3) chemical composition and crystal structure (if applicable) 202 

is as similar as possible to the samples of interest (Valley & Kita, 2009). For sulfur 203 

isotope analyses in pyrite and carbon isotope analyses in calcite and dolomite, these 204 

criteria had been demonstrated in previous studies for working standards UWPy-1, 205 



Balmat pyrite with 34S = 16.04 ± 0.18‰  (all uncertainties are reported as 2SD unless 206 

otherwise indicated), 33S = –0.003 ± 0.009‰, and 36S = –0.21 ± 0.24‰ (Ushikubo et 207 

al., in press), UWC-3 calcite, which is from a granulite facies diopside-bearing calcite 208 

marble with 13C = –0.91 ± 0.08‰ (Kozdon et al., 2009), and UW6220 dolomite with 209 

13C = 0.79 ± 0.71‰ (Ferry et al., 2010). 210 

 211 

2.1.2. New standards for SIMS analysis of organic matter 212 

  213 

For 13C analysis of organic matter by SIMS, establishing a suite of working 214 

standards was a critical part of this study. Because systematic bias between H/C and 13C 215 

for SIMS analysis of organic matter had been previously observed in at least one other 216 

laboratory (Sangély et al., 2005); Fig. 1, this study), a suite of materials representing as 217 

much as possible the full known range of H/C variability in solid organic materials was 218 

assembled. To represent the low H/C end-member, a shungite (SH95S1a; (Buseck et al., 219 

1997) and the oldest known coal, known as the Michigamme Anthracite (ca. 1840 Ma) 220 

UWMA-1; (Tyler et al., 1957 ;  Pufahl et al., 2010) were chosen. Graphite was analyzed 221 

during our first session, but we do not advocate its use as a standard for organic carbon 222 

isotope analysis of amorphous organic materials including kerogen and pyrobitumen 223 

because it is a crystalline material and we observe a significant orientation effect. To 224 

represent the high H/C end-member, samples of Baltic and Dominican amber were used. 225 

Finally, a suite of coals was assembled from the research collection at Pennsylvania State 226 

University (PSU) to represent intermediate H/C values. These coals are identified as 227 

follows: DESC-21 (Lykens Valley #2 Seam, PA, USA), PSOC-1468 (Buck Mtn. Seam, 228 



PA, USA), PSOC-1534 (Waterfall Seam, AK, USA), UWLA-1 (LCNN Anthracite; 229 

(Pappano, 2001), UWJA-1 (Jeddo Anthracite; (Pappano, 2001), and UWHA-1 (Harmony 230 

Anthracite; (Pappano, 2001). 231 

DESC-21, PSOC-1468, and PSOC-1534 were delivered to the WiscSIMS 232 

laboratory roughly ground, and individual grains were mounted directly from vials. For 233 

each of the other materials, a 1–3 cm3 subsample was prepared by removing exterior 234 

surfaces with a water-cooled diamond saw. The resulting, approximately cubic subsample 235 

was coarsely crushed, and the fragments were cleaned by sonicating for 1 min each in 236 

deionized (DI) water, dichloromethane (DCM), and methanol to remove contaminants or 237 

labile organic phases concentrated along natural fracture surfaces. After air drying, one 238 

fragment of each subsample was further crushed using a stainless steel “piston” apparatus 239 

(solvent rinsed between samples), and other fragments were removed to a clean glass vial 240 

and archived. Resulting material was separated visually into roughly > 1 mm and < 1 mm 241 

size fractions, and each size fraction was collected in a glass vial and archived. Separate 242 

collections of each of these materials remain archived with J. Valley, University of 243 

Wisconsin–Madison and with K. Williford at the Jet Propulsion Laboratory, Pasadena. 244 

Several grains of the smallest fraction of each material were assembled into an epoxy 245 

“standard mount” using the mounting technique described for samples, below. Upon 246 

completion of this study, eight of the aforementioned materials were assembled into a 247 

final standard mount for use in future studies (WI-STD-75; Fig. S3). How was the 248 

conventional value determined? 249 

 250 

2.2 Sample preparation 251 



 252 

Chips with a maximum linear dimension of ~1 cm were removed from larger drill 253 

core sub-samples (original ABDP-9 sub-samples collected by R. Summons, others by J. 254 

Eigenbrode) using a low-speed, water cooled diamond saw (Buehler Isomet) to expose 255 

fresh, internal surfaces. Chips were cleaned by sonicating in DI water (3x, 1 min), 9:1 256 

DCM:methanol (30 s), and again in DI water (2x, 1 min). Epoxy mounts containing 257 

either two chips of a single sample or one chip each of two different samples were 258 

prepared using standard WiscSIMS sample preparation methods, as follows. Double-259 

sided tape was attached to a solvent-rinsed, stainless steel plate (visible in the background 260 

of Fig. S3a). Rock chips (or individual grains, in the case of standard mounts) were 261 

placed face down on the tape within a 1 cm-diameter circle, and care was taken to 262 

arrange analytical surfaces as nearly coplanar as possible. Epoxy (Buehler epo-cure) was 263 

prepared and poured into a 2.54 cm-diameter round, plastic mold placed on the tape 264 

around the prepared grains. The epoxy was allowed to cure on a hotplate overnight, and 265 

the resulting disc was removed from the plate, minimally ground to flatten and expose the 266 

surface of interest, and polished using water-based alumina suspensions until surface 267 

relief was ≤1 m (measured by white-light profilometer). Finally, epoxy was removed 268 

from the back of each mount with the low speed saw to yield a total thickness of 5 mm.  269 

Immediately after preparation, and between each major analytical step, mounts 270 

were cleaned by sonicating in DI water (3x, 4 min), ethanol (30 sec), and again in DI 271 

water (2x 1 min), and immediately dried under a stream of high purity N2. Mounts were 272 

further dried overnight under vacuum at 40˚C. All reflected light microscopy, and as 273 

much electron microscopy as possible, was completed prior to the application of any 274 



conductive coating to the sample. sometimes Once targets had been located and imaged, 275 

a thin (5 nm) gold coat was applied when higher resolution images or EDS of targets 276 

were required. Prior to SIMS analysis, a 30 nm gold coat was applied. Gold coats were 277 

removed after each SIMS session by gentle abrasion on a polishing pad with a 0.6 m 278 

water based alumina suspension, followed immediately by the standard cleaning and 279 

drying process and the application of a ~5 nm gold coat for post-analysis pit imaging by 280 

SEM. 281 

 282 

2.3 Petrography and Elemental Analysis 283 

 284 

 Petrography was carried out on a Hitachi S-3400 variable pressure SEM in 285 

secondary electron (SE) mode to investigate morphology and backscattered electron 286 

(BSE) mode to investigate relative chemical heterogeneity. Images were typically 287 

acquired with an accelerating voltage of 15 kV, and a working distance of 5 mm (for best 288 

spatial resolution) or 10 mm (for EDS). Elemental composition of targets and associated 289 

minerals was measured in spot or mapping modes with an EDS detector (Thermo 290 

Scientific) interfaced to the Hitachi S-3400.  291 

 292 

2.4 Secondary Ion Mass Spectrometry (SIMS) 293 

 294 

 All SIMS measurements were performed using the CAMECA ims-1280 large 295 

radius multi-collector ion microprobe in the WiscSIMS Lab., Department of Geoscience 296 

at the University of Wisconsin–Madison. Data in this study were gathered during eight 297 



separate analytical sessions. In general, we followed techniques described previously 298 

(Kita et al., 2009 ;  Valley & Kita, 2009 ;  Williford et al., 2011 ;  Ushikubo et al., in 299 

press) and specific analytical conditions for the different applications discussed here are 300 

given in Table 2. In all cases, sample mounts were allowed to degas for 24–48 h in the 301 

10–8 torr vacuum of the SIMS air-lock (pressure in analytical chamber is 10–9 torr). A 302 

primary beam of 133Cs+ was focused at the surface of the sample; beam diameter and 303 

intensity varied depending upon the technique (see below), but total impact energy was 304 

always 20 keV (with a secondary ion accelerating voltage of 10 keV). An electron gun 305 

oriented normal to the sample surface and gold coating provided charge compensation. 306 

Secondary ions of the major and minor isotope(s) were collected using Faraday cup 307 

detectors (with choice of resistor depending upon abundance, below), and relevant 308 

hydride ions (e.g. 13CH–, 32SH–) were also simultaneously monitored with either electron 309 

multipliers (for low intensity beam conditions) or Faraday cup detectors (for high 310 

intensity beam conditions). Each analysis consisted of intervals for 1) presputtering (to 311 

penetrate gold coating and any minor surface contamination), 2) centering secondary ions 312 

in the field aperture, and 3) isotope ratio measurement.  313 

 Correction for “bias”, the sum of mass fractionation effects internal to the SIMS 314 

instrument, was achieved using an alpha correction as follows: 315 

 316 

 = (1000 + 13CRaw)/(1000 + 13CTrue)    (1) 317 

 318 

where  is bias, 13CRaw is the uncorrected value for a standard analysis, and 13CTrue is 319 

the value for the standard as determined by conventional, gas source isotope ratio mass 320 



spectrometry (for sulfur isotope analysis, 34S is substituted for 13C). Each set of ~10 321 

unknown sample analyses was bracketed by eight analyses of a working standard 322 

(UWLA-1 for organic carbon, UWC-3 for calcite carbon, UW6220 for dolomite carbon, 323 

and UWPy-1 for pyrite sulfur). Bias and external precision are defined for each bracket 324 

as the average , and two standard deviations (2SD), of the eight standard analyses, 325 

respectively. Internal precision is defined as two standard errors (2SE) of the individual 326 

isotope ratios calculated from multiple measurement cycles within each analysis. 327 

Average count rate for the major ion (e.g. 12C– or 32S–) was also calculated using the 328 

multiple measurement cycles in each analysis, and this ion count rate for each sample 329 

analysis is reported as a percentage relative to the average for the eight bracketing 330 

standard analyses as 12Crel or 32Srel. Our experience for the analytical protocols and 331 

samples of this study suggests that the intentional acquisition or interpretation of data at 332 

major ion count rates less than ~10% that of the standards should be avoided, as many 333 

possible confounding factors associated with SIMS analysis in mixed phases at low count 334 

rates can significantly degrade accuracy beyond the value of ± ??%o reported here. 335 

 For organic carbon analyses, bias correction was supplemented by an additional 336 

correction for H/C. To achieve this additional correction, multiple calibration standards 337 

with a wide range of H/C values (described above) were analyzed by gas source isotope 338 

ratio mass spectrometry. Most of these materials were analyzed by standard continuous 339 

flow techniques in the Summons laboratory at MIT, that is, powdered, weighed into tin 340 

capsules, and analyzed using a Fisons (Carlo Erba) NA 1500 elemental analyzer fitted 341 

with a Costech Zero Blank Autosampler and coupled to a Thermo Finnigan Delta Plus 342 

XP isotope ratio mass spectrometer. Values of 13C were placed on the VCDT scale by 343 



multi-point correction using international reference materials (NBS-19, NBS-22 and 344 

LSVEC). UWLA-1 was further analyzed using the sealed quartz tube technique at the 345 

University of Wisconsin using techniques described by Kitchen and Valley (1995). Chips 346 

of UWLA-1 were placed into quartz tubes with copper oxide and Ag foil (to remove SO2), 347 

sealed, and combusted overnight at 800C. After cooling, tubes were cracked, CO2 was 348 

cryogenically separated from H2O and N2 on a vacuum line, concentrated in a glass tube, 349 

and analyzed for 13C relative to a reference gas calibrated to VPDB by dual inlet isotope 350 

ratio mass spectrometry on a Finnegan MAT 251.  351 

Carbon isotopic and elemental compositions of standards are reported in the 352 

supplementary information. At the beginning of each SIMS organic carbon isotope 353 

analysis session, six to ten of these standards were analyzed multiple times, bracketed by 354 

analyses of the primary working standard UWLA-1. A linear regression was calculated 355 

using differential bias (*, or the ratio of the bias for a given organic standard to the bias 356 

for eight bracketing analyses of UWLA-1) and 13CH–/13C– (a proxy for H/C, measured 357 

simultaneously during each individual SIMS 13C analysis) as the dependent and 358 

independent variables, respectively. Differential bias is defined as the ratio of bias for 359 

each calibration standard to bias for UWLA-1 during the calibration routine, and this 360 

method permits calculation of * for each sample analysis using 13CH–/13C–. For each 361 

13C analysis of sample organic matter, total bias correction (including H/C correction), 362 

was achieved using the following equation: 363 

 364 

13C = (1000 + 13CRaw) / (  *) – 1000.   (2) 365 

 366 



Relative bias regression data and 95% confidence interval uncertainty calculations are 367 

reported in supplementary data. For sulfur isotope analysis and carbon isotope analysis of 368 

carbonates, bias correction was achieved as above, but without inclusion of the * term 369 

(and substitution of 34S for 13C). 370 

 371 

2.4.1 Carbon isotope analysis of organic matter 372 

  373 

Four analysis sessions were conducted to measure 13C of organic matter. During 374 

sessions beginning December 14, 2010, April 19, 2011, and June 14, 2011, the following 375 

settings were used: ~0.5 nA primary 133Cs+-beam intensity (Ip) focused to a ~6 m spot, 376 

30 m x 30 m field aperture (FA), 12C–, 13C–, and 13CH– ions collected using faraday 377 

cup (FC) detectors with 1011  resistors at the L’2, FC2, and H’2 positions, respectively. 378 

Mass resolving power was 5000 for 13C– and 2200 for 12C– and 13CH–. Individual 379 

analyses were divided into 10 s for presputtering, 50 s for peak scanning, and 80 s for 380 

measurement. Typical 12C– count rates for standard analyses during these sessions were 381 

2.4 x 108 counts per second (cps). 382 

During a “small spot” session beginning July 19, 2011, the following settings 383 

were used: ~15 pA Ip focused to a ~1 or ~3 m spot, 30 m x 30 m FA, 12C– ions 384 

collected using a FC detector with 1011  resistor at the L’2 position, and 13C–, and 13CH– 385 

ions collected using EM detectors at the axial and H2 positions, respectively. Mass 386 

resolving power was 5000 for 13C– and 2200 for 12C– and 13CH–. Individual analyses 387 

required 120 s for presputtering, 50 s for peak scanning, and 160 s for measurement. 388 

Typical 12C– count rates for standard analyses during these sessions were 8 x 107 cps. 389 



During this session, both 1 and 3 m beam conditions were prepared. In practice, 390 

accurately positioning the beam on targeting ~1 m targets in complex sedimentary 391 

matrices like those analyzed in this study with a 1 m beam is extremely difficult and 392 

limited by the ~1 m positioning accuracy of the motorized sample stage and the inability 393 

of the standard sample viewing optics to resolve such small spots (Page et al. 2007). 394 

Enhancements to the WiscSIMS targeting system made after completion of the data 395 

acquisition phase of this study have enabled such targeting and will be reported in future 396 

publications. However, the 3 m condition was used most often for the analyses reported 397 

here because the slightly larger beam facilitated aiming at m-scale targets. To further 398 

facilitate target acquisition using the “small spot” condition, 10 m x 10 m 13C– ion 399 

images were generated prior to analysis (Fig. S5), and the area with highest secondary ion 400 

intensity was targeted for measurement. 401 

 402 

2.4.2 Carbon isotope analysis of carbonates 403 

 404 

One analysis session, beginning July 17, 2012, was conducted to measure 13C of 405 

calcite and dolomite. A 133Cs+ primary beam of ~0.9 nA was focused to ~8 μm diameter  406 

spot. Secondary 12C and 13C ions were simultaneously collected on a Faraday cup and an 407 

electron multiplier, respectively, with a secondary count rate of ~7x106 cps for 12C. Each 408 

analysis comprised 20 s of presputtering, how many s?  automatic centering of the 409 

secondary ions in the field aperture, and 20 analytical cycles of 8 s each.  410 

Carbon isotope measurements in calcite and dolomite (max. 16 analyses per 411 

group) were bracketed by 8 repeat measurements on the UWC-3 calcite (13C = −0.91‰ 412 



PDB, (Kozdon et al., 2009)) or the UW6220 dolomite standard (13C = +0.79‰ (Ferry et 413 

al., 2010)), respectively, with analytical conditions identical to those used during sample 414 

analysis. The standards were cast in a different mount, thus, a sample change was 415 

performed for each set of bracketing standards.  416 

The gain of the EM was monitored before the third analysis of each group of 417 

standard measurements, and the applied high voltage setting was adjusted (by ~1 bit) to 418 

compensate for drift in the gain of the EM, if necessary. The bracketing analyses of the 419 

UWC-3 and UW6220 standards were used to determine bias corrections for each set of 420 

measurements in calcite or dolomite. The external precision reported for sample 421 

measurements is two standard deviations (2 SD) of the 8 repeat spot measurements on the 422 

UWC-3 or UW6220 standard grain that bracket each set of sample analyses, and varies 423 

from ±0.6 to ±1.3‰, averaging 0.9‰ for UWC-3 and ±0.4 to ±0.9‰, averaging 0.7‰ 424 

for UW6220. Analytical pits that extended into organic material can be recognized by 425 

anomalously high secondary count rates (>100% of the measured counts per second on 426 

the bracketing standard grain, or 12Crel > 1.0), and data from these pits were used only in 427 

calculations of interpolated, single inorganic carbon isotope values for individual samples. 428 

Linear regressions were calculated for 12Crel vs. 13C for some samples for which most or 429 

all analyses sampled organic matter (and generated count rates higher than the organic-430 

free standard) in order to estimate the “bulk” inorganic carbon isotope value of the 431 

sample, or the 13C value corresponding to 12Crel = 1.0. 432 

Several siderite targets were analyzed opportunistically during this session, with a 433 

relative bias correction based on later analyses of potential siderite standards together 434 

with UWC-3 calcite standards, a procedure that we do not normally practice and do not 435 



recommend. These siderite data are included here for completeness, but their accuracy 436 

should be considered tentative, especially given the appreciable impact of probable 437 

organic inclusions on the data (see below). 438 

 439 

2.4.3 Sulfur three-isotope analysis of pyrite 440 

 441 

 Two analysis sessions were conducted to measure 34S and 33S of pyrite. During 442 

sessions beginning January 25, 2012 and June 19, 2012, the following settings were used: 443 

~1.8 nA Ip focused to a ~10 m spot, 40 m x 40 m FA, 32S– collected using a FC 444 

detector with 1010  resistor at the L’2 position, and 33S– and 34S– ions collected using FC 445 

detectors with 1011  resistors at the L1 and FC2 positions, respectively. Mass resolving 446 

power was 5000 for 33S– and 34S– and 2200 for 32S–. Individual analyses were divided into 447 

10 s for presputtering, 80 s for peak scanning, and 80 s for measurement. After each 448 

analysis, the 32SH– peak intensity was measured by scanning the deflector located 449 

between the secondary mass filter magnet and the FC detectors in order to check and 450 

correct for interference caused by overlap with the 33S– peak (Williford et al., 2011). 451 

 452 

2.4.4 Sulfur four-isotope analysis of pyrite 453 

 454 

 One analysis session was conducted to measure 34S, 33S and 36S of pyrite, 455 

using the methods described in detail by (Ushikubo et al.,in press). The session began on 456 

August 15, 2012, and the following settings were used: ~5.2 nA Ip focused to a ~20 m 457 

spot, 40 m x 40 m FA, 32S– collected using a FC detector with 109  resistor at the L’2 458 



position, and 33S–, 34S– and 36S– ions collected using FC detectors with 1011  resistors at 459 

the L1, H1 and H’2 positions, respectively. Mass resolving power was 5000 for 33S– and 460 

34S– and 2200 for 32S– and 36S–. Individual analyses were divided into 10 s for 461 

presputtering, 80 s for peak scanning, and 80 s for measurement.  462 

This is a long section on techniques.  Should some of it be moved to on line?  Who is 463 

your audience? 464 

3. Results and Discussion 465 

 466 

To maximize the clarity of this large and complex data set, we have combined the 467 

presentation of results with our interpretations. A key consideration from the outset of 468 

this study has been to present our data in a way that maximizes their relevance as the 469 

interpretive context inevitably evolves. To that end, we report every SIMS analysis in 470 

order of acquisition, for samples and standards in a supplementary data file. Reflected 471 

light and backscattered electron images of each SIMS mount are reported in a separate 472 

supplementary file, with all targets in each sample labeled. Higher magnification SEM 473 

images of each analyzed target (acquired after analysis whenever possible to show 474 

analytical pits) are also provided in this supplementary file (Fig. S18). These post-475 

analysis images allow the isotopic data reported here to be interpreted in the context of 476 

analyte morphology and associated mineralogy.  The supplementary data file also 477 

includes additional bulk geochemical data for standards and samples, as well as bias 478 

versus H/C calibration data and uncertainty analysis. 479 

 480 

3.1 Organic carbon isotope analysis 481 



 482 

3.1.1 New organic carbon isotope standards for SIMS 483 

 484 

In session 1, beginning on December 14, 2010, ten organic materials whose bulk 485 

13C had been measured previously by elemental analyzer continuous flow isotope ratio 486 

mass spectrometry (EA-CF-irMS) were analyzed by WiscSIMS in order to identify the 487 

material with the greatest spot-to-spot and grain-to-grain micrometer-scale carbon 488 

isotopic heterogeneity.  This was employed as a primary working standard for organic 489 

carbon isotope analysis with two FC detectors, and to determine whether H/C and bias 490 

are correlated on the WiscSIMS instrument as had been previously observed in another 491 

laboratory (Sangély et al., 2005). Multiple grains of each of the organic carbon standards 492 

were analyzed in this session, with the exception of the two ambers, added later as high 493 

H/C end members.  494 

Graphite UWGr-1 was prepared as a powder from a graphite rod used for carbon 495 

arc coating with the intention to randomize crystal orientations and thus minimize 496 

orientation effects. Three “grains” of this powder were analyzed three to four times each, 497 

and these showed high apparent heterogeneity (4‰; 2SD). We have considered the 498 

influences of an orientation effect as well as epoxy mixed with the fine graphite powder 499 

in the standard mount in order to explain this heterogeneity in what we expected was a 500 

well-mixed sample. Three analyses of UWGr-1 have 13CRaw from −58 to −59.5‰, and 501 

the other seven analyses have 13CRaw between −62 and −63‰, similar to epoxy in this 502 

standard mount that has 13CRaw = −63.6  0.4‰ (n = 4). However, values of 13CH/13C 503 

for UWGr-1 range from 0.008 to 0.017, whereas values for epoxy are much higher and 504 



range from 0.138 to 0.140. We observe no correlations between 13CH/13C or 12C count 505 

rate and 13CRaw for UWGr-1, and we thus attribute the three anomalous analyses to an 506 

orientation effect.   This sounds fishy.  If there are many grains in each analysis spot, then 507 

the orientation effect should be removed by randomness of orientations.  Alternatively, if 508 

the grains are larger and only one or a few are in each analysis, then the sample was not 509 

mechanically homogenized. I would prefer to think this sample is truly heterogeneous. 510 

The number of grains analyzed, total number of spots, and 2SD heterogeneity for 511 

each material observed during this session are shown in Table 2. UWLA-1, prepared 512 

from LCNN anthracite, was chosen as the primary working standard due to its high spot-513 

to-spot and grain-to-grain homogeneity (average 0.34‰ 2SD). This material enables 514 

external precision with SIMS organic carbon isotope analysis with a 6 m spot that is 515 

comparable to bulk carbon isotope analysis with EA-CF-irMS (commonly ~0.3‰ at 516 

2SD). To further constrain the bulk 13C of this material, three individual grains of 517 

UWLA-1 were analyzed separately at Wisconsin using the sealed quartz tube method and 518 

a dual-inlet gas-source mass spectrometer (Kitchen & Valley, 1995). The results of these 519 

three analyses were remarkably consistent at –23.56 ± 0.00‰. Typical precision for this 520 

method with multiple analyses of USGS24 graphite is ±0.15‰ (2SD), thus, we report the 521 

bulk 13C of UWLA-1 to be –23.56 ± 0.15‰ (2SD). 522 

 During the second session, beginning April 19, 2011, seven of the ten potential 523 

standards analyzed during the first session were reanalyzed, and the two ambers were 524 

analyzed for the first time. Eighteen analyses on three grains of Baltic amber had a 2SD 525 

heterogeneity of 0.68‰, and eighteen analyses on three grains of Dominican amber had a 526 

2SD heterogeneity of 1.2‰. Analyses of 13C and 13CH/13C were used to generate the 527 



first 13CH/13C vs. bias working curve during this session. We observed a strong 528 

correlation, shown in Fig. 1. This correlation demonstrates an effect of H/C on bias of up 529 

to 4‰ (expressed in per mil as (–1)*1000), indicating that monitoring this effect is 530 

particularly important when sub-per mil accuracy is required. The validity of this 531 

approach is supported by correlation between 13CH/13C and H/C of the six standard 532 

materials for which we have bulk H and C abundance data. As is the case with any SIMS 533 

method, accuracy is optimized by using frequent measurements of a running standard and 534 

calibration against standards that are as chemically similar to the sample as possible. The 535 

novel H/C correction method reported here, incorporating simultaneous collection of 12C–, 536 

13C–, and 13CH–, allows the efficient use of a single “running” standard after an initial 537 

calibration sequence. 538 

 539 

3.1.2. Assessment of possible organic surface contamination associated with epoxy 540 

mounting 541 

 542 

 In addition to the potential organic standard materials, a small piece of St. Peter 543 

Sandstone (a clean quartz arenite of Ordovician age) that had been heated in air at 800˚C 544 

overnight (to remove any organic matter by combustion) and prepared into the same 545 

epoxy mount as the organic materials, was analyzed seven times to test for any surface 546 

contamination associated with our sample preparation method. For two out of seven 547 

analyses, no 12C counts were observed after trace detection during the first few seconds 548 

of pre-sputtering, perhaps associated with a ubiquitous, very thin film of organic carbon 549 

that is removed prior to data collection (and is thus completely negligible). In two of 550 



seven analyses, 12C count rate was 1 x 105 cps, or more than three orders of magnitude 551 

below typical standard count rates (~15–30 x 107 cps). We are thus highly confident that 552 

our sample preparation method does not systematically introduce surface contamination 553 

that interferes with analysis. Care is, and should be taken, however, to monitor and avoid 554 

the penetration of epoxy into porous materials. Epoxy penetration can be assessed by 555 

transmitted light microscopy (in which epoxy appears clear rather than opaque like 556 

kerogen or pyrobitumen) and sometimes by analyzing suspect organic domains for Cl (a 557 

common minor constituent of some epoxy, including Buehler epo-cure) with EDS, or by 558 

admixture of methylene blue in the epoxy resin.  Does epoxy stand out by BSE or CL?   559 

 560 

3.1.3. Effects of ion count rates 561 

I’ve just seen in Fig. 7 that you display two values at -50permil for organic matter, but in 562 

the caption mention that they are similar to bulk values at -39 permil, I guess there is a 563 

mistake here. Do you find d13Corg values that may be shifted to more negative values due 564 

to the presence of clays, which may be distinguished by anomalous H/C? Could this be 565 

the case for the analyses of Fig. 6b and 6d (clay-rich OM) versus 6a (clay-poor OM) ?  566 

 567 

 Data from all analytical sessions for 13C of Neoarchean organic matter are shown 568 

in Fig. 2. The 13C data in Fig. 2 are plotted against 12Crel, or the 12C– count rate of an 569 

individual analysis relative to the average count rate of the eight corresponding 570 

bracketing standard analyses (of UWLA-1). For the data set as a whole, we do not 571 

observe any systematic offset between bulk 13C and our SIMS measurements in this 572 

study. For example, SIMS 13C data for ABDP-9 148.37 are higher, and for RHDH2a 573 



285.30 are lower than the respective bulk values for these samples. Nor do we observe a 574 

systematic change in SIMS 13C with decreasing 12C– count rate. For 12C– count rates 575 

between 15% and 93% of bracketing standards, data for ABDP-9 148.37 range within 576 

~2‰ of the average for the sample. Internal precision, or two standard errors (2SE) of the 577 

20 measurement cycles comprising an analysis, is also shown for each analysis in Fig. 2. 578 

Internal precision is controlled by counting statistics and signal-to-noise ratio as well as 579 

any natural isotopic heterogeneity encountered with depth in a single analysis pit. The 580 

decrease in internal precision with 12Crel is apparent in Fig. 2, and we note that internal 581 

precision generally falls outside the per mil level when sample count rates are less than 582 

~30% that of the standard. Although precision is poor (e.g. degraded by approximately an 583 

order of magnitude), moderate accuracy may be possible to achieve in aggregate at low 584 

relative count rates. Nine analyses in a sample of the Wittenoom Formation (WRL1 585 

289.45) have 12Crel count rates lower than 15%, with an average of 6%. When the 586 

analysis with the lowest count rate (2%; n.b. 13CRaw for this analysis is 20‰ higher than 587 

any of the others in the sample) is rejected, the remaining eight analyses have 13C = –588 

30.0 ± 4.5‰, only 1‰ below the bulk value for this sample. 589 

 590 

3.1.4. SIMS 13C analysis of organic matter in carbonate matrices 591 

 592 

Kerogen in a sample of the Carawine Dolomite (RHDH2a 252.2) occurs in 593 

stylolites associated with dolomite and pyrite (Fig. S6, SI). Pyrobitumen in a sample of 594 

the Carawine Dolomite (RHDH2a 252.2) is concentrated along cracks in a prominent 595 

calcite vein, is sometimes associated with quartz, and has 13C that is ~5‰ lower (–52.3 596 



± 0.8‰; targets 4 and 5), as well as a lower H/C (13CH/13C = 0.66) than the average for 597 

kerogen in this sample (–47.7‰; 13CH/13C = 0.78; targets 1 and 6–10). By contrast with 598 

pyrobitumen in the Mt. McRae Shale samples (ABDP-9; discussed below), the strong 599 

difference in both 13C and H/C, as well as the modes of occurrence of pyrobitumen and 600 

kerogen in the Carawine Dolomite sample are consistent with post-depositional 601 

introduction of pyrobitumen together with vein-fill calcite, whereas the kerogen now 602 

concentrated in stylolites is more likely to be syndepositional. Rasmussen (2005) 603 

interpreted pyrobitumen nodules and streaks as evidence for petroleum generation and 604 

migration in the Jeerinah Fm, and suggested that the pyrobitumen was locally sourced as 605 

a result of burial maturity <2.45 Ga. Peak metamorphism and metasomatic alteration of  606 

the Mount Bruce Supergroup coincided with a generally northward migration of 607 

hydrothermal fluids as a result of the collision of the Pilbara and Yilgarn cratons during 608 

the Capricorn orogeny <2.2 Ga (Rasmussen et al., 2005 ;  White et al., 2014a). It is 609 

possible that (pyro)bitumen was redistributed or emplaced in the Carawine as a result of 610 

this event. 611 

Multiple analyses of varying amounts of pyrobitumen in a calcite matrix made 612 

during session 2 demonstrate that WiscSIMS organic carbon isotope analysis of organic 613 

domains in carbonate using the 6 m, two FC technique at count rates as low as 30% (i.e. 614 

30% organic matter in carbonate) of the average for the working standard are possible 615 

without a significant decrease in accuracy (Fig. 3). An analysis of an organic carbon-free 616 

domain of calcite adjacent to pyrobitumen has a count rate only 2% that of the working 617 

standard, confirming that this is primarily the result of the low ionization efficiency of 618 

carbonate carbon relative to organic carbon with this SIMS technique (see below). 619 



 620 

3.1.5. Spatial resolution and heterogeneity 621 

 622 

A total of 121 organic targets in nine Neoarchean samples ranging in age from 623 

~2.7 Ga to ~2.5 Ga were analyzed in this study.  Most targets were analyzed using a 6 624 

m-diameter beam and Faraday cup detectors for both 12C– and 13C–. To investigate the 625 

limits of spatial resolution for the instrument, we analyzed six targets each in samples of 626 

the Marra Mamba Iron Fm (WRL1 659.55 m) and the Jeerinah Fm (WRL1 679.90 m) 627 

with a 3 m-diameter beam, using an electron multiplier for 13C– (Fig. 4). Average SIMS 628 

13C values in these two samples are 3.1 and 0.4‰ lower than bulk 13C values, 629 

respectively, and we have no reason to suspect a decrease in accuracy with the smaller 630 

beam condition (although external precision is approximately half that of the larger, 6 631 

m-diameter condition). We started this session using a 1 m-diameter beam to analyze 1 632 

m or smaller targets, however, the ~1 m uncertainty in stage motion (due to backlash) 633 

combined with our inability to resolve 1 µm features in the optical system of the ims-634 

1280 made targeting difficult. To compensate for this difficulty, we increased the size of 635 

the beam to 3 m, which can be imaged during analysis, and generated 13C– ion images 636 

(Fig. S5) prior to analysis to facilitate accurate aiming. Software (digital zoom) and 637 

hardware (optical registering at 0.1 m scale), and optical (365 nm sample illumination, 638 

Kita et al. in review) improvements in the WiscSIMS instrument made after completion 639 

of this study have improved targeting, and we frequently achieved 1 m targeting 640 

accuracy in later efforts, though analysis spots should be verified by SEM. Fig. 4 shows 641 



representative targets and analytical pits for small spot 13C analysis in sample WRL1 642 

659.55 m. 643 

Overall, bulk 13C values and average SIMS 13C values are remarkably 644 

consistent. The difference between the average SIMS value and the bulk value was 645 

calculated for each sample, and the average of these calculated differences is 0.02‰. Five 646 

of the nine samples had a range in SIMS 13C of less than 5‰, and the average 647 

heterogeneity is 7.4‰ (Table or Figure?). A sample of the ~2.7 Ga Tumbiana Fm 648 

exhibits the most heterogeneity observed in this study and is demonstrated to be real by 649 

systematic correlations to textures. Rare kerogen associated with filamentous TiO2 has 650 

13C = –52.3 ± 0.1‰ (n = 2), consistent with the lowest values reported in earlier studies 651 

of Tumbiana Fm drill core (Thomazo et al., 2009a ;  Eigenbrode & Freeman, 2006) 652 

suggesting a metabolically recycled, methanotrophic source. More typical kerogen 653 

observed in this sample, associated with clay minerals and pyrite, has 13C = –32.8 ± 654 

3.6‰ (n = 4; e.g. Fig. 5). This kerogen component is isotopically similar to a relatively 655 

high 13C population identified by earlier bulk measurements (Thomazo et al., 2009a ;  656 

Eigenbrode & Freeman, 2006), and likely represents biomass from primary producers. 657 

These two classes of organic matter from what are likely to have been end-members of a 658 

complex microbial ecosystem, that is, photosynthetic primary producers inhabiting 659 

surface waters (high 13C) and methanotrophs inhabiting sediments (low 13C) have been 660 

identified in situ, separated by only 1-mm in a single sample. This detection of two 661 

classes of organic material in close spatial association that are distinct in morphology, 662 

associated mineralogy, and carbon isotopic composition is a robust biosignature.    663 



The bulk 13C value for this sample of the Tumbiana Fm is –49.7‰, suggesting 664 

that a low-13C phase is relatively abundant but may typically occur in nm-scale domains 665 

that we did not sample. This highlights an important difference between spatially 666 

resolved SIMS analysis and bulk analysis: although the former potentially yields far 667 

higher “information density” by increasing spatial resolution, a selection bias introduced 668 

by analysis parameters (SIMS beam diameter, spatial resolution of light and electron 669 

microscopy techniques, etc.) may cause important phases to be overlooked. Therefore, a 670 

combination of bulk and spatially resolved analyses is recommended to maximize the 671 

information yield about a given sample. Complementary molecular analyses, such as H/C 672 

and N/C mapping with NanoSIMS (Wacey et al., 2010), Raman?, or X-ray absorption 673 

spectroscopy (Lepot et al., 2009) may help to track distinct micro-reservoirs of organic 674 

matter and roughly quantify their importance in the studied rocks.  675 

Sample ABDP-9 148.37b contains pyrobitumen nodules surrounding central 676 

sulfide grains, and these domains have slightly higher 13C (–33.2 ± 0.4‰), but similar 677 

H/C (13CH/13C = 0.069) than the average for kerogen in this sample (–35.0‰; 13CH/13C = 678 

0.066). A similar pyrobitumen nodule with a central uranium-rich grain (Fig. 6a, c) in 679 

ABDP-9 111.22 was analyzed three times, and it has significantly higher 13C (–26.9 ± 680 

0.8‰) than the average for kerogen in the sample (–35.0‰), but H/C (13CH/13C) in 681 

pyrobitumen is also similar (0.068) to kerogen (0.066). This 8‰ enrichment in 13C 682 

observed in the Mount McRae pyrobitumen is larger than can be explained by typical 683 

thermal maturation processes (Des Marais, 2001). Similar associations in the Jeerinah Fm 684 

have been previously reported as evidence for Archean petroleum generation (Rasmussen, 685 

2005), and it is possible that the 13C enrichment observed here resulted from radiolytic 686 



alteration of pyrobitumen, as has been proposed for the uraniferous Cigar Lake (Landais 687 

et al., 1993) and Athabasca (Sangély et al., 2007) deposits.  688 

No pyrobitumen was observed in our oldest sample of the Mount McRae shale 689 

(ABDP-9 161.02). Kerogen in this sample occurs in cores of “nodular” associations of 690 

siderite and pyrite (Fig. 7c-d) and has low 13C (–40.4 ± 1.6‰). A single large 691 

pyrobitumen nodule surrounding a small (~3 m) central grain of chalcopyrite, and 692 

associated with chlorite and pyrite, was observed in a sample of the Jeerinah Formation 693 

(RHDH2a 285.3#1; Fig. S18). This pyrobitumen was analyzed four times, yielding 13C 694 

= –39.1 ± 0.5‰, which is 3.5‰ higher than the average for other organic domains in this 695 

sample. In addition to its higher 13C value, the Jeerinah Fm pyrobitumen nodule is 696 

unique in that it is largely bounded by what appear to be detrital grains. Most other 697 

organic matter in this sample is texturally homogeneous, also appearing like pyrobitumen, 698 

but is typically surrounded by chlorite (Fig. S4) that may be related to a <2.2 Ga 699 

metasomatic overprint (Rasmussen et al., 2005 ;  White et al., 2014a). 700 

 701 

3.2 Carbonate carbon isotope analysis 702 

 703 

 As discussed previously, the low ionization efficiency of inorganic carbon (~0.3 704 

MHz 12C/nA/wt.% for calcite and dolomite standards) relative to organic carbon (~8.4 705 

MHz 12C/nA/wt.% for anthracite standards) during SIMS offers the unique ability to 706 

accurately analyze the isotopic composition of small organic carbon domains in 707 

carbonate matrixes. However, the high relative ionization efficiency of organic carbon 708 

presents a challenge for accurate carbon isotope analysis of sedimentary carbonates that 709 



have small organic inclusions. In this study, we analyzed 80 targets of calcite and 710 

dolomite in seven samples (ABDP-9 111.22 and 148.37;  RHDH2a 252.2 and 285.3; 711 

WRL1 289.45 and 520.6; SV1 55.3) and four siderite targets in one sample (ABDP-9 712 

161.02). In general, achieving accurate individual SIMS analyses of carbonate was 713 

impossible due to the presence of organic matter in the analytical region. We used 12Crel 714 

of each carbonate analysis to assess whether organic inclusions had been analyzed: 12Crel 715 

> 100% typically indicated the presence of organic matter. We note that further 716 

complexity in 12C count rates can be introduced by the presence of non-carbon bearing 717 

(e.g. quartz) inclusions in carbonate, but we suggest based upon our petrographic 718 

observations that the extent to which this affects our conclusions is minimal. In some 719 

samples, a linear correlation between 13C and 12Crel was observed, with higher count 720 

rates yielding lower 13C. In these cases, it was possible to estimate a 13C value for 721 

organic-free carbonate minerals (similar to a bulk value) using the 13C value calculated 722 

for 12Crel = 100% (an example is shown in Fig. S8). These “13Cdol calc” and “13Ccal calc” 723 

values are shown in Table 3. Further, it was then possible to calculate 13Cdol-org and 724 

13Ccal-org using average SIMS 13C of organic matter in the samples. 725 

 726 

3.2.1 Primary versus secondary signals 727 

 728 

With the exception of the mm-scale calcite vein in the Carawine Dolomite 729 

(RHDH2a 252.2) with 13Ccal calc = 0.5‰, all estimates for 13C of carbonate minerals 730 

are < 0‰. Estimates for dolomite range from –9 to –1.4‰, and for calcite from –18.5 to 731 

–7.1‰. The strongly negative 13C estimated for most calcites analyzed in this study 732 



suggests that they precipitated after deposition in the presence of remineralized organic 733 

carbon. It is possible, however, that calcite in sample RHDH2a 252.2 represents a 734 

primary phase formed in surface waters, and that dolomite formed in sediments in the 735 

presence of organic matter. The relative recalcitrance of this early diagenetic dolomite 736 

would have led to its survival of the dissolution event that formed the stylolites in this 737 

sample.  738 

 739 

3.2.2 Assessing metabolic and diagenetic signatures using paired organic and inorganic 740 

SIMS carbon isotope analysis 741 

 742 

Although the minimum 13C of organic matter is quite low (< –40‰) in the 743 

majority of samples, RHDH2a 252.2 (Carawine Dolomite) is the only sample for which 744 

paired, in situ inorganic and organic carbon isotope data from both calcite and dolomite 745 

suggest a large (> 40‰) 13Ccarb-org offset inconsistent with carbon fixation via the 746 

Calvin-Benson-Bassham (CBB) reductive pentose phosphate pathways used by photo- 747 

and chemo-autotrophs. This is broadly consistent with earlier evidence from bulk 13C 748 

data (Eigenbrode & Freeman, 2006 ;  Eigenbrode, 2004a), strengthens the case for a 749 

significant paleoecological role of methanotrophy in the Neoarchean (Hayes, 1994 ;  750 

Hayes, 1983 ;  Eigenbrode & Freeman, 2006) and provides strong, new evidence for the 751 

presence of this metabolism in shallow shelf environments. 752 

In ABDP-9 111.22 and 148.37, 13Cdol-org is 30.1 and 33.2, respectively (Table 3). 753 

This is remarkably self-consistent and agrees with previously reported, paired, bulk 754 

inorganic and organic 13C data for ABDP-9 111.22 that showed 13Ccarb-org = 30.1‰ 755 



(Kaufman et al., 2007). 13Ccal-org is smaller in these samples, 24.4 and 23.6, respectively 756 

(Table 3). The apparent fractionation of ~30‰, based upon 13Cdol-org, is more likely to 757 

indicate the average metabolic signature in these rocks than the smaller value of ~25‰ 758 

suggested by 13Ccal-org, because calcite in these samples appears more likely to have 759 

precipitated during late diagenesis in the presence of remineralized organic carbon, and 760 

therefore would not reflect conditions in the depositional environment.  761 

Three nodule-forming siderite grains were analyzed in ABDP-9 161.02 (Fig. 7), 762 

and their 13C was determined opportunistically using the atypical method of relative bias 763 

correction based upon bracketing analyses of UWC-3 and later analyses of Ivigtut siderite. 764 

The three siderite analyses had 12C– count rates ranging from 4.4 x 106 to 6.7 x 107 cps, 765 

suggesting that at least two sampled organic carbon inclusions. The analysis with the 766 

lowest count rate has 13C = –6.2‰, remarkably close to the bulk 13Ccarb value for this 767 

sample of –6.3‰ (Kaufman et al., 2007). Kerogen associated with this nodule has 13C = 768 

–39.5±0.5‰ (13Csid-org = 33.5‰). 769 

 770 

3.3 Sulfur isotope analysis 771 

 772 

 In three separate analytical sessions during this study, 266 pyrite targets were 773 

analyzed for sulfur three-isotopic composition with a ~10 m beam. After re-polishing, 774 

58 additional pyrite targets were analyzed for sulfur four-isotopic composition using a 775 

~20 m-diameter beam. Values of 34S and 33S measured in this study of 10 samples of 776 

< 1 cm2 each encompass nearly the entire range known from all earlier published bulk 777 

measurements of Archean samples of any age (Fig. 8). This suggests that significant 778 



unrecognized variability exists in samples that have previously been analyzed only by 779 

bulk techniques, consistent with other SIMS studies refs?  of Early Archean sulfides. 780 

 781 

3.3.1 Morphologically correlated sulfur isotopic heterogeneity in the Jeerinah Fm 782 

 783 

 Of forty pyrite targets analyzed in sample WRL1 679.9 of the Jeerinah Fm, 32 784 

define a relatively tight field with 34S ranging from –0.9‰ to 4.1‰ and 33S from –785 

1.0‰ to 0.9‰ (Fig.9c). These pyrites occur in agglomerations of euhedral to subhedral 786 

crystals that, together with their sulfur isotopic compositions, are consistent with 787 

authigenic formation in sediments from (either abiotic or microbial) sulfate reduction. 788 

Another group of 8 targets defines a linear array with a larger range of mass dependent 789 

(34S from 4.0‰ to 13.4‰) and mass independent (33S from 4.8‰ to 9.9‰) 790 

fractionation fig #?. This, more isotopically heterogeneous group of pyrites generally 791 

occurs as isolated, individual grains within the clastic matrix, sometimes with rounded 792 

margins, suggestive of a detrital component in this sample. The large range in 34S and 793 

strongly positive S-MIF suggest metabolic recycling (disproportionation followed by 794 

sulfate reduction) of sulfur that left the atmosphere as S0, and grain morphologies may 795 

also indicate some degree of sedimentary recycling (i.e. pyrite formed in either a 796 

lacustrine or shallow marine setting and was rounded during transport towards the 797 

depocenter).  798 

 The roughly time-equivalent sample of the Jeerinah Fm from the RHDH2a core 799 

(285.3) fig #? shows a similar separation in sulfur isotopic compositions, with one small 800 

group of six pyrite targets having 34S between –0.8‰ and 1.8‰ and 33S between 0.8‰ 801 



and 4.0‰ and a larger group defining a linear array with 34S from 2.2‰ to 15.3‰ and 802 

33S  from 6.9‰ to 14.4‰. The petrographic difference between these two groups of 803 

Jeerinah Fm pyrite in the RHDH2a sample are not as clear as they are for WRL1. Pyrite 804 

targets in RHDH2a 285.3 are generally relatively large (10s to >100 m), commonly 805 

subangular to partially rounded, and associated with pyrobitumen and chlorite.  806 

Large heterogeneities in 34S, 33S and 36S (e.g. RHDH2a 285.3 g16 and g19) 807 

are observed at extremely small spatial scales. Over a distance of ~20 m, from the core 808 

of target RHDH2a 285.3 16 to the rim, 34S increases by 6.2‰ (from 3.5 to 9.7 ± 0.4‰, 809 

2SD) and 33S increases by 3‰ (from 7.8 to 10.8 ± 0.09‰, 2SD). Another target (19) in 810 

the same sample (RHDH2a 285.3) shows differences of 12.7‰ (2.6 to 15.3 ± 0.5‰, 811 

2SD) in 34S, 7.5‰ (6.9 to 14.4 ± 0.06‰, 2SD) in 33S, and –5.5‰ (–5.8 to –11.3 ± 812 

0.9‰, 2SD) in 36S over only a distance of only ~40 m. Not only is this pyrite grain 813 

extremely heterogeneous, it exhibits the largest S-MIF yet measured in any rock 814 

(Philippot et al., 2012). Although much larger gradients in 34S (>30‰) have been 815 

observed at smaller (<4 m) spatial scales using the extremely high spatial resolution 816 

SIMS techniques we reported in an earlier study of Paleoproterozoic pyrite (Williford et 817 

al., 2011), to our knowledge the gradients in 33S and 36S we report here for the 818 

Jeerinah Fm are the most extreme so far observed.  819 

Relations correlated with magnetic anomalies, but otherwise similar to those we 820 

report from the Jeerinah Fm, have recently been reported from Archean pyrite nodules in 821 

the Barberton Greenstone Belt using SQUID-SIMS, and these were interpreted to have 822 

resulted from dynamic mixing of locally heterogeneous and compositionally evolving 823 

sulfur sources, and metasomatic alteration (including pyrite to pyrrhotite transformations 824 



indicated by magnetic domains in pyrite) that postdated deposition by hundreds of My. 825 

(Fischer et al., 2014). Although the resolution of the SQUID-SIMS technique (50 m 826 

SQUID step size, ~25 m SIMS analytical area) reported by Fischer et al. (2014) is 827 

insufficient to assess whether the isotopic heterogeneities reported here (e.g. over scales 828 

of ~20 m in a ~50 m grain) are associated with magnetic anomalies, we suggest that 829 

some of the variability we observe may be driven by similar mechanisms to those 830 

hypothesized in that study. Accordingly, we apply extraordinary care in target selection 831 

and analysis in order to understand the degree to which post-depositional processes have 832 

affected our samples. To assess the confidence with which we have identified our sulfur 833 

isotope analysis targets as pyrite, we analyzed pyrite and pyrrhotite standards by EDS. 834 

These minerals are clearly distinguished using our EDS techniques (using relative Fe and 835 

S peak height converted to a “semi-quantitative” atom%): calculated atom% for Fe and S 836 

are 24.8 and 75.2 ± 2.8% FeS3 ?? !!! (2SD; n = 17), respectively, in our pyrite standard 837 

and 36.4 and 63.6 ± 2.4% FeS2 ??!!(2SD; n = 14) in our pyrrhotite standard. We do not 838 

see evidence of pyrite to pyrrhotite transformations in the analytical targets reported here. 839 

Associations between pyrite, pyrobitumen, and chlorite in the Jeerinah Fm 840 

suggest that thermochemical sulfate reduction during metasomatism may have played at 841 

least a secondary role in pyrite formation. That is, a “primary” episode of early diagenetic, 842 

microbial sulfate reduction may have been followed by a later (perhaps by 100s of Myr), 843 

“secondary” episode of abiotic sulfate reduction accompanied by evolution of 844 

pyrobitumen from kerogen and metamorphic chlorite transformations. Partial dissolution, 845 

remobilization, and local redeposition could also have contributed to large intra-grain 846 



heterogeneities in S-MIF, although we see no evidence for introduction of secondary 847 

minor elements (e.g. Ni, Co, As) during late diagenesis (Williford et al., 2011).  848 

 849 

3.3.2. Atmospheric and metabolic effects on sulfur isotope systematics 850 

 851 

 Pyrite grains in the oldest samples analyzed in this study, from the ~2.7 Ga 852 

Tumbiana Fm, have universally negative 34S, as low as –9‰, but they show very little 853 

heterogeneity in 33S (–0.3 to 0.9‰). This is consistent with previous sulfur isotope 854 

analysis of pyrite in the Tumbiana Fm (Thomazo et al., 2009a), and indicates that the 855 

dampened S-MIF characteristic of the Mesoarchean persisted into the early Neoarchean. 856 

Organic matter in samples of the Tumbiana Fm with 13C as low as –52.4‰ supports the 857 

earlier contention that methanotrophy may have played a role in the relatively small 858 

range of S-MIF observed between ~3.2 and 2.7 Ga, and with this study we sought to 859 

understand the extent to which similarly coupled carbon and sulfur isotope systematics 860 

were evident in the younger Neoarchean record from Australia. 861 

Slopes of linear 33S/34S arrays for Jeerinah Fm pyrite targets in the WRL1 862 

(depocenter) and RHDH2a (marginal) fig #? are indistinguishable (0.5), but the intercept 863 

is higher (6.9) for RHDH2a pyrites compared to WRL1 pyrite (3.1). The uncertainty of 864 

time equivalence between the two samples of Jeerinah Fm is likely at least 10’s of Myr. 865 

We interpret the similar slope to indicate stability of atmospheric MIF-S production 866 

during the deposition of the Jeerinah Fm. The mechanism behind the different intercepts 867 

is more difficult to understand in the depositional context. A higher 33S intercept 868 

suggests an increased role of S0 relative to SO42– in the formation of the RHDH2a 869 



Jeerinah pyrite compared to the WRL1 pyrite.   Its not clear to me which fig has the 870 

higher Y-intercept.  There are two groups in fig 9B. 871 

 Sulfur four-isotope compositions in the Carawine Dolomite (RHDH2a 252.2; Fig. 872 

10b) depart from the 36S/33S array observed for other samples in this study (and many 873 

previous studies; e.g. (Farquhar et al., 2000 ;  Ono et al., 2003) . Intriguingly, organic 874 

matter in this sample of the Carawine Dolomite has lower typical 13C than any other 875 

sample in this study (avg. –49.5‰), adding to the growing body of evidence for a 876 

connection between methane metabolism and changing atmospheric S-MIF production 877 

with an “organic haze” as the hypothesized mechanism (Thomazo et al., 2009a ;  Zerkle 878 

et al., 2012 ;  Domagal-Goldman et al., 2008 ;  Farquhar et al., 2013). 879 

 880 

3.3.3 Sulfur isotope systematics in the ~2.5 Ga Mount McRae Shale 881 

 882 

 Multiple lines of geochemical evidence from samples of the Mount McRae Shale 883 

recovered from the ABDP-9 core (including the three studied here), including sulfur 884 

three-isotope measurements were used to argue for oxygenation in the surface ocean 885 

(Anbar et al., 2007 ;  Kaufman et al., 2007). In particular, a major transition from pyrite 886 

with uniformly positive 34S and 33S below 153 m in the ABDP-9 core to pyrite with 887 

negative 34S and positive 33S was interpreted to represent emergence of an oxidative 888 

sulfur cycle, and a shorter interval between 153 and 135 m with negative values of both 889 

34S and 33S was interpreted to represent increasing seawater sulfate concentrations due 890 

to oxidative weathering (Kaufman et al., 2007).  891 



In multiple analyses of pyrite from only three samples, we observe the entire 892 

range of sulfur isotopic heterogeneity so far detected by bulk analysis in the ABDP-9 893 

core (Figs. 9 and 10). Our data are broadly consistent with the earlier bulk measurements 894 

and the interpretations by Kaufman et al. (2007), but the high spatial resolution, in situ 895 

nature of our analysis, and the addition of 36S measurements offer powerful new 896 

windows into the biogeochemistry of the Mount McRae Shale. In the oldest sample, 897 

taken 7 m below the “153 m transition” (161.02 m), 34S varies from –0.9 to 18.7‰, 33S 898 

from –1.6 to 10.9‰, and 36S from –7.3 to 2.6‰. The range in 34S and 33S 899 

encompasses the range reported from bulk measurements below 153 m in the ABDP-9 900 

core. Ratios of 36S/33S for individual targets, however, reveal a unique pattern. Of nine 901 

targets in ABDP-9 161.02 chosen for sulfur four-isotope analysis, six have 36S/33S 902 

between –0.7 and –0.8, close to the typical Archean array. Three targets, all of which 903 

occur as nodular agglomerations of fine grained pyrite associated with kerogen and 904 

surrounded by siderite, have 36S/33S below –1.5 (–1.9, –6.7, and –10.9; Fig. S18). This 905 

sample also has the lowest 13C (–42.2‰) recorded in the ABDP-9 core, again consistent 906 

with a link between methane cycling and anomalous S-MIF in Archean pyrite.  907 

Target 23 in ABDP-9 161.02 has a 36S/33S = –0.8, however, this target shows a 908 

large gradient from the interior to the exterior of the nodule: the interior has 34S = 0.5‰ 909 

and 33S = 1.2‰, whereas the exterior has 34S = 9.6‰ and 33S = 7.3‰. Only the 910 

exterior of the nodule (exposed after repolishing the sample) was analyzed for 33S, so 911 

we do not know whether or not a gradient also exists for 36S/33S in this target. This 912 

large gradient in 34S, occurring over only a few m, suggests Rayleigh fractionation 913 



during formation of the nodule. Perhaps distinct  in the transitional sample (148.37 m), 914 

34S varies from –0.9 to 18.7‰, 33S from –1.6 to 10.9‰, and 36S from –7.3 to 2.6‰ 915 

A recent and detailed petrographic and geochemical analysis of nodular 916 

associations of organic matter, pyrite, and siderite in Mississippian shales from Wardie, 917 

Scotland (Bojanowski & Clarkson, 2012) reports textures similar to those we observe in 918 

ABDP-9 161.02 (see especially Fig. 4 in that publication). Based upon 13C values in 919 

siderite >5‰, as well as organic matter associations, these authors suggest that the 920 

Wardie siderites relied on alkalinity produced during methanogenesis, initiated in the 921 

sulfate reduction zone after rapid consumption of sulfate. We propose a similar 922 

mechanism: microbial sulfate reduction proceeded under low sulfate concentrations 923 

typical of Archean seawater until sulfate was exhausted, at which point methanogenesis 924 

and dissimilatory iron reduction provided the conditions required for siderite formation. 925 

This is consistent with the gradient we observe in 34S, but it does not explain the 926 

gradient in 33S from the core to rim of a nodule, observed e.g. in ABDP-9 161.02 target 927 

23. Such a gradient, similar to those observed in larger pyrite nodules of similar age by 928 

Fischer et al. (2014), requires local heterogeneities in 33S of pore fluids, changes in S-929 

MIF production on the time scale of nodule growth, or an as yet unconstrained biological 930 

effect. We favor the first hypothesis for the sake of simplicity, although it is difficult to 931 

understand how such heterogeneities can avoid homogenization by mixing. Further in 932 

situ sulfur three- and four-isotope analysis in well-preserved Archean sedimentary rocks 933 

is required to better constrain these mechanisms. 934 

In the “transition” sample, taken from 148.37 m in the ABDP-9 core, 34S varies 935 

from –7.7 to 4.8‰, 33S from –3.9 to 6.1‰, and 36S from –3.1 to 4.5‰  fig #?. In the 936 



youngest sample (111.22 m), 34S is universally negative, varying from –11.8 to –2.7‰, 937 

whereas 33S is positive from 1.7 to 4.3‰, and 36S from –3.5 to 0.6‰. Decreasing 938 

values of 34S in these three samples of the ABDP-9 core, as well as general trends in 939 

33S, are consistent with a secular increase in seawater sulfate during deposition of the 940 

Mount McRae Shale, perhaps due to oxidative continental weathering as previously 941 

proposed by Kaufman et al. (2007). We observe less variability in 36S/33S in the two 942 

younger samples of the Mount McRae Shale than we do in the oldest sample, with 111.22 943 

and 148.37 having 36S/33S = –0.6 ± 0.3‰ and –0.8 ± 1‰, respectively. 944 

 945 

5. Conclusions 946 

 947 

 We have used spatially resolved, in situ carbon and sulfur isotope analysis of 948 

organic matter, carbonate minerals, and pyrite, supported by light and electron 949 

microscopy as well as chemical composition energy dispersive spectroscopy to deepen 950 

our understanding of Neoarchean biogeochemistry. In general, we have shown that the 951 

approach reported here offers an unprecedented combination of spatial resolution, 952 

precision and accuracy for carbon and sulfur isotope analysis of sedimentary organic 953 

matter, carbonate minerals, and pyrite, and as such, maximizes potential information 954 

recovery in sample limited scenarios (such as scientific drilling or Mars sample return, 955 

for example). Although SIMS analysis yields extraordinary information density when 956 

done correctly, it is extraordinarily labor intensive relative to conventional, or “bulk” 957 

analysis. For this reason, and also because of the inherent sampling biases that can be 958 

associated with resolution-limited spatially resolved techniques, we advocate a 959 



combination of in situ and bulk analysis (when sample sizes permit) in order to maximize 960 

information recovery. As was the case for this study, bulk analysis is particularly useful 961 

to guide the selection of samples to analyze in greater detail. 962 

 We have confirmed earlier reports (Sangély et al., 2005) of a correlation between 963 

instrumental bias and H/C for SIMS carbon isotope analysis of organic matter. Every 964 

instrument is different, but based upon the data we report here and the earlier reports 965 

from another laboratory, we conclude that a failure to account for this effect can lead to 966 

inaccuracy of up to 4‰. Efforts are underway, and outside the scope of this study, to 967 

develop a similar standardization procedure for SIMS 13C analysis of materials with 968 

extremely low C contents (e.g. microbial fossils preserved in chert; (Williford et al., 969 

2013)). We describe a new method for the simultaneous collection of 13CH/13C data, 970 

along with a new set of reference organic materials that can be used to correct for the H/C 971 

effect. With our correction procedure for SIMS 13C analysis of organic matter, we have 972 

routinely achieved reproducibilities of 0.3‰ (2SD; comparable to bulk analysis by 973 

continuous flow techniques) with a 6 m-diameter beam and 0.8‰ (2SD) with a 1–3 m 974 

diameter beam, sample volumes that are xx smaller than by conventional analysis. 975 

 We report in situ textural and organic carbon isotope evidence for multiple 976 

microbial metabolisms, including photoautotrophy and methanotrophy, preserved at the 977 

mm-scale in a single sample of the ~2.7 Ga Tumbiana Fm. We show that pyrobitumen 978 

nodules in samples of the Jeerinah Fm and Mount McRae Shale are enriched in 13C 979 

relative to co-occurring kerogen, and we suggest that this may be due to radiolytic 980 

alteration.  981 



 We have demonstrated 13C measurements with sub-permil accuracy at count 982 

rates as low as 30% of the bracketing standard (i.e. >50% carbonate) due to the low 983 

ionization efficiency of inorganic, relative to organic carbon and the high C content of 984 

organic carbon. Conversely, we show that SIMS 13C of sedimentary carbonates are 985 

strongly affected by small organic inclusions, but that correlations between 12C count rate 986 

and 13C can be used to estimate 13C of carbonates in a given sample. 987 

 Finally, we report new data supporting a growing body of evidence that the 988 

variable expression of microbial metabolisms had far reaching effects on atmospheric 989 

chemistry, and ultimately on the oxidation state of the entire planet. Our coupled, in situ 990 

carbon and sulfur isotope analysis of organic matter and pyrite in the ~2.7 Ga Tumbiana 991 

Fm are consistent with earlier reports of correlations between low 13C organic matter 992 

and a dampened S-MIF signal, possibly driven by the temporary accumulation of an 993 

organic haze. We further show that these strong ties between carbon and sulfur cycling, 994 

for the first time in situ, at the microbial scale, continued through the entire Neoarchean. 995 

In the ~2.6 Ga Jeerinah Fm and Carawine Dolomite, the range of S-MIF expanded 996 

considerably, but anomalous behavior of the minor sulfur isotopes (33S and 36S) at the 997 

scale of individual pyrite grains is associated with extremely low 13C of organic matter 998 

in intimate association with the pyrite.  999 

Remarkable consistency of average SIMS data and earlier bulk data from other 1000 

labs bolsters some earlier interpretations of biogeochemical changes observed in 1001 

Neoarchean drill core material from Australia, including evidence for biotic and abiotic 1002 

oxidative processes at least 100 Ma prior to the Great Oxidation Event. Furthermore, this 1003 

consistency lends confidence to the fidelity of the analytical techniques reported here. 1004 



Given careful sample preparation and proper documentation, spatially resolved, in situ 1005 

stable isotope analysis of biologically important elements with SIMS promises to vastly 1006 

enhance our understanding of the history of life on Earth and beyond. 1007 

  1008 

 1009 

Acknowledgements 1010 

Noriko, Jim K, John F, Brian.  NAI.  WiscSIMS is partly supported by NSF-EAR-1011 

1053466, -1355590.  Work at MIT was supported by the Agouron Institute, the NASA 1012 

Astrobiology Institute and the Simons Foundation Origins of Life Collaboration. Part of 1013 

this research was done at the Jet Propulsion Laboratory, California Institute of 1014 

Technology, under a grant from the National Aeronautics and Space Administration. 1015 

Acknowledge Wisconsin NAI. 1016 

 1017 

Table Captions 1018 

 1019 

Table 1. Information about five carbon isotope and three sulfur isotope analysis sessions 1020 

at the WiscSIMS secondary ion mass spectrometry facility that generated data for this 1021 

study. Average external precision (at two standard deviations) for each session is 1022 

indicated as 2SDstd. 1023 

 1024 

Table 2. Micrometer-scale heterogeneity of nine organic materials analyzed during the 1025 

first organic carbon isotope analysis session at WiscSIMS. UWLA-1 was chosen as the 1026 

primary working standard. 1027 



 1028 

Table 3. Average and range of SIMS 13C measurements of organic matter and/or 1029 

carbonate minerals in eleven Neoarchean rock samples. Values of 13C for dolomite 1030 

(13Cdol calc) and calcite (13Cdol calc) were estimated for samples that contained varying 1031 

degrees of inter- and intracrystalline organic matter in analyzed carbonate domains that 1032 

likely drives linear relations between 13C and 12C count rate relative to organic free 1033 

bracketing standards by assuming carbonate 13C homogeneity and using an interpolated 1034 

value at 12Crel = 1.0. These values were then used to calculate the average offset between 1035 

organic carbon, calcite (13Ccal-org) and/or dolomite (13Cdol-org) for each sample. 1036 

 1037 

Table 4. SIMS sulfur isotope data from ten Neoarchean rock samples. 1038 

 1039 

Figure Captions 1040 

 1041 

Fig. 1. Data from SIMS in situ carbon isotope analysis of organic matter, dolomite, and 1042 

calcite, and SIMS sulfur three-isotope analysis of pyrite in ten Neoarchean samples 1043 

ranging in age from ~2.7 to ~2.5 Ga. Samples were previously analyzed for bulk carbon 1044 

and iron isotopes by Eigenbrode and Freeman (2006) and Czaja et al. (Czaja et al., 2010), 1045 

respectively, and estimated age is assigned based on the model by Czaja et al. (2010). 1046 

SIMS carbon isotope analyses of calcite and dolomite that had 12C count rates higher than 1047 

the average for organic-free standards likely sampled organic inclusions and are labeled 1048 

“above range” (small, gray squares and diamonds). Analyses with count rates at or 1049 

slightly below standard values likely sampled organic-free domains and are labeled 1050 



“within range” (small, black squares and diamonds). Linear correlations between 12C 1051 

count rate and d13C were used to calculate 13C of calcite (large squares) and dolomite 1052 

(large diamonds) for individual samples (see text). 1053 

 1054 

Fig. 1. Linear relations of bias and H/C (measured as 13CH/13C) for working standards 1055 

measured at the beginning of each analytical session for 13C of organic matter. These 1056 

relations are used together with 13CH/13C measurements made simultaneously with 13C 1057 

measurements in order to ensure accurate measurement of organic materials with varying 1058 

H/C. 1059 

 1060 

Fig. 2. SIMS 13C data for all analyses reported here, plotted against 12C count rate 1061 

relative to average for UWLA-1 (anthracite) bracketing standard. Error bars show 1062 

internal precision (± two standard error; 2SE) that decreases as expected with decreasing 1063 

12C count rate. Horizontal gray lines indicate bulk 13C values for each sample.  1064 

 1065 

Fig. 3. Secondary electron images showing a ~0.03 mm2 region of the Carawine 1066 

Dolomite (RHDH2a 252.2m) before (a) and after (b) SIMS 13C analysis. Enlargements 1067 

(b–h) show analytical pits from five analyses of varying proportions of pyrobitumen and 1068 

calcite matrix and one analysis of apparently organic free calcite (h). Individual analysis 1069 

numbers are indicated at the top right, and 13C (‰ VPDB) and ion count rate relative to 1070 

UWLA-1 (anthracite) standard (12Crel) are indicated at bottom right of each panel. Due in 1071 

part to low ionization efficiency of inorganic relative to organic carbon, pure calcite 1072 

yields only 2% of the 12C counts yielded by pure organic matter, and values of 13C for 1073 



these analyses are within uncertainty at organic:inorganic carbon ratios as low as 30%. 1074 

Scale bars are 50 m in a and b, and 10 m in c–h. 1075 

 1076 

Fig. 4. Secondary electron images (a,c) and energy dispersive x-ray spectroscopic 1077 

elemental maps (b,d) small (3 m) spot 13C analyses (‰ VPDB ± 2SD external 1078 

precision) of typical kerogen (ker) in a shale sample from the ~2.6 Ga Marra Mamba Iron 1079 

Formation (WRL-1 659.55 m). Kerogen in this sample is associated with dolomite (Dol), 1080 

siderite (Sid), quartz (Qtz), chlorite (Clc), pyrite (Py). Pressure solution features and m-1081 

scale veining are apparent at intersections between quartz and siderite in (a). Scale bars 1082 

are 10 m. 1083 

 1084 

Fig. 5. Two types of kerogen situated ~6 mm apart in a single sample of pyritic shale 1085 

from the ~2.7 Ga Tumbiana Formation (SV1 55.3 m; Fig. S16) indicating the 1086 

preservation of multiple metabolic signatures. Type A kerogen is associated with 1087 

filamentous TiO2 and has low 13C consistent with methane metabolism in sediments. 1088 

Type B kerogen is associated with clay minerals and pyrite (Py), and has higher 13C 1089 

consistent with primary photosynthetic production in the water column. Values of 13C 1090 

for these two different kerogen types bound the bulk rock value for this sample as shown 1091 

at the bottom. Scale bars are 10 m. 1092 

 1093 

Fig. 6. Secondary electron (a, d), backscattered electron (b), and energy dispersive x-ray 1094 

spectroscopic elemental map (c) of pyrobitumen (OM) surrounding a uraniferous (U) 1095 

mineral grain (a, c) and typical kerogen (b, d) in a sample of the Mount McRae Shale 1096 



(ABDP-9 111.22 m). Analytical pits from SIMS 13C analysis of organic matter (OM), 1097 

calcite (Cal) and dolomite (Dol) are shown, and external precision for these analyses is 1098 

indicated at lower right in panel (d). Pyrobitumen in this sample is associated with 1099 

detrital quartz (Qtz) and chlorite (Chl), and is ~8‰ higher in 13C than co-occurring 1100 

kerogen in this sample, the latter suggesting either a different source or alteration 1101 

mechanism for these two organic components in the sample. Calcite in this sample is 1102 

likely secondary, but the offset between dolomite and kerogen 13CDol–ker provides an 1103 

estimate of the apparent metabolic fractionation: ~34‰. Scale bars are 10 m. 1104 

 1105 

Fig. 7. Nodular association of siderite (Sid), pyrite (Py), and kerogen (Ker) surrounded by 1106 

detrital quartz (Qtz) and clay minerals in a sample of the ~2.5 Ga Mount McRae Shale 1107 

(ABDP-9 161.02 m). Analytical pits and data from sulfur three-isotope analysis of pyrite 1108 

(‰ VCDT), and carbon isotope analyses of kerogen and siderite (‰ VPDB) are indicated. 1109 

Energy dispersive spectroscopy elemental map is shown in (b). Enlargements of kerogen 1110 

(c,d) and siderite (e,f) domains are shown at right. Analysis shown in (e) is sampled only 1111 

siderite, but analytical pit shown in (f) penetrated siderite grain and intersected kerogen, 1112 

yielding a higher 12C count rate and lower, mixed 13C signal. SIMS carbon isotope 1113 

values for organic matter and organic free siderite are similar to the bulk 13Corg and 1114 

13Ccarb values (–39.0‰ and –6.3‰, respectively), but pyrite sulfur isotope values are 1115 

significantly higher than bulk values (34S = 1.26; 33S = 2.97‰) for this sample 1116 

(Kaufman et al., 2007).  1117 

 1118 



Fig. 8. A comparison of bulk sulfur three isotope data from previous studies of 1119 

Neoarchean rocks and in situ SIMS data from this study. Analytical uncertainty is smaller 1120 

than the symbols. 1121 

 1122 

Fig. 9. Sulfur three isotope data from this study shown for individual samples in ABDP-9 1123 

(a), RHDH2a (b), WRL-1 (c), and SV-1 (d) drill cores. External precision is smaller than 1124 

symbols. 1125 

 1126 

Fig. 10. Sulfur four-isotope data from this study shown for individual samples in ABDP-1127 

9 (a) and RHDH2a (b) drill cores, outcrop samples from ~2.4 Ga Meteorite Bore member, 1128 

Kungarra Fm (c; Ushikubo et al., in review), and all samples analyzed in this study (d). 1129 

Dashed line in all panels represents the “Archean array” with slope of –0.9 and intercept 1130 

of 0. Secondary dashed line in (a) shows best linear fit to ABDP-9 data, with intercept of 1131 

1.4‰. Secondary dashed line in (b) indicates a shifted array previously hypothesized to 1132 

result from an intermittent atmospheric “organic haze” between 2.65 and 2.5 Ga (Zerkle 1133 

et al., 2012). Inset in (b) shows data from RHDH2a 252.2 m (Carawine Dolomite) that 1134 

depart from the –0.9 array. Error bars show ±2SD external precision.  1135 
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