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The largest excursion in kerogen δ13C and bulk/mineral δ56Fe values yet measured in the ancient rock record
occurs in rocks of ∼2.7 to 2.5 Ga age. New Fe isotope data integrated with previously collected C isotope data on
the same samples document the metabolic diversity of microbial communities in the Neoarchean Hamersley
Province of the Pilbara Craton in Western Australia. Samples of shales, carbonates, and mixed carbonate/shale
lithologieswere collected from three drill cores; two cores from the depocenter of the province and one from the
margin. Shallow-water clastic/carbonate rocks deposited in the center of the province (Tumbiana Formation)
record kerogen δ13C values that indicate C cycling by various anaerobic or aerobic methane pathways, but the
restricted range in δ56Fe values indicates little or no Fe redox cycling. Deep-water sediments deposited
contemporaneously in both parts of the Hamersley Province (Jeerinah Formation) record slightly positive δ56Fe
values in the relatively shallower and suboxic margin, but strongly negative δ56Fe values in the deeper euxinic
depocenter of the province, a pattern consistent with Fe cycling via a basin Fe shuttle, driven by bacterial
dissimilatory iron reduction (DIR). Kerogen δ13C values from these units indicate coupling ofmicrobial Fe cycling
to aerobic methanotrophy or anaerobic oxidation of methane. Younger black shales, intercalated with iron
formation (MarraMamba Iron Formation) in the depocenter, record a shift to near-zero δ56Fe values reflecting an
Fe budget dominated by hydrothermal and clastic sources. However, time-equivalent, Fe-rich carbonate/shale
lithologies deposited on themargin of the province (CarawineDolomite) have δ56Fe values that steadily decrease
from near zero to strongly negative values. These relatively Fe-rich carbonates may reflect a carbonate trap of a
DIR-driven Fe shuttle, similar to the sulfidic trap in the euxinic portion of the Jeerinah Formation. In contrast,
younger shallow-water carbonates deposited by turbidity currents in relatively deep water in the center of the
province (Wittenoom Formation), have δ56Fe values that correlate with Fe concentrations, a pattern that
indicates Fe cycling by Rayleigh fractionation through precipitation of iron oxides from aqueous ferrous iron.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The interplay between the biosphere, lithosphere, hydrosphere, and
atmosphere has produced a complex evolution of microbial metabo-
lisms that significantly affect the geochemical and mineralogical
compositions of surface environments. The relative evolution of various
microbial metabolisms may be constrained through phylogenetic
reconstructions (e.g., Woese and Fox, 1977; Canfield and Raiswell,
1999; Battistuzzi et al., 2004; Zerkle et al., 2005), and a senseof timemay

be gained from the rate of evolution of molecules that are widely
distributed and highly conserved (e.g., Ochman and Wilson, 1987;
Canfield and Teske, 1995; Sheridan et al., 2003). Ultimately, however,
quantitative constraints on temporal changes in microbial metabolisms
on the ancient Earth depend upon geologic and geochemical data
obtained fromwell-dated andwell-preserved sedimentary rockswhose
global and/or local context is understood.

In addition to microfossils and molecular fossils (biomarkers), the
presence and temporal distribution of metabolisms can be traced using
the abundances and isotopic compositions of metabolically cycled ele-
ments in sedimentary rocks, such as carbon, sulfur, and iron (e.g.,
Yamaguchi et al., 2004). Measurement of the isotopic compositions of C
and S has proven valuable for tracing the evolution of metabolisms
on the early Earth, including photosynthesis, methanotrophy, and
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methanogenesis (e.g., Eigenbrode and Freeman, 2006), aswell as sulfate-
and elemental-sulfur reduction, sulfide oxidation, and sulfur dispropor-
tionation (e.g., Canfield, 2001). The largest excursions in kerogen C
isotope compositions andmass-independent S isotope fractionations in
sulfides occur between ∼2.7 and 2.4 Ga (e.g., Farquhar andWing, 2003;
Eigenbrode and Freeman, 2006), suggestingmajor changes in the C and
S cycles. Of the redox-sensitive metals cycled by microbes, Fe has been
the focus of numerous biological studies (e.g., Widdel et al., 1993;
Lovley, 2004), and the isotopic record of microbial Fe cycling is now
beginning to be understood (Johnson et al., 2008b).

Redox Fe cycling seems the most likely explanation for producing
the large Fe isotope variations measured in Precambrian marine
sedimentary rocks, given the large isotopic fractionations that occur
between Fe3+ and Fe2+ species (e.g., Polyakov and Mineev, 2000;
Schauble et al., 2001; Welch et al., 2003; Anbar et al., 2005). Although
Fe isotope fractionations can be produced by changes in chloride
speciation (Hill et al., 2009), at seawater salinities these effects are not
significant relative to the fractionations between ferric and ferrous Fe
species. There is consensus that the zero to positive δ56Fe values for
rocks of >3.1 Ga age reflect partial oxidation of marine hydrothermal
Fe2+aq, suggesting that the oxidant was limited (e.g., Dauphas et al.,
2004; Johnson and Beard, 2006; Whitehouse and Fedo, 2007). More
controversial are large decreases in δ56Fe values of 3.1 to 2.5 Ga
marine sedimentary rocks, which are coincident with large changes in
C and S isotope ratios (Johnson et al., 2008b). Focusing only on Fe
isotope data from rocks younger than 2.7 Ga, Rouxel et al. (2005) and
Anbar and Rouxel (2007) proposed that oxidation of marine
hydrothermal Fe2+aq during banded iron formation (BIF) genesis,
or oxide precipitation on continental shelves, produced negative
δ56Fe values in seawater via Rayleigh distillation followed by
incorporation into sulfide-rich marine sedimentary rocks. In contrast,
Johnson et al. (2008a,b) argue that extensive oxide precipitation will
result in only small quantities of isotopically fractionated Fe and
therefore an alternative such as bacterial dissimilatory iron reduction
(DIR) is required to produce negative δ56Fe values for Fe-rich rocks
such as BIFs or Fe-rich shales.

Here we report new Fe isotope and geochemical data on the same
samples for which organic- and carbonate-C isotope compositions
were previously measured, collected from the Hamersley Province of
Western Australia (Fig. 1) and spanning the interval of large C and Fe
isotope changes in Neoarchean (2.72 to 2.57 Ga) marine sedimentary
rocks. Samples were collected from two parts of the province that
record different paleoenvironments, allowing us to determine the
relative importance of abiological Fe pathways versus microbial Fe
metabolisms. Detailed and comprehensive study of multiple isotopes
and whole-rock geochemical analyses allows for a complete view of
the distribution of mineral phases, and a fuller understanding of the
cycling of metabolically relevant elements such as C, S, and Fe.

2. Materials and methods

We analyzed fifty-eight samples of shales, carbonates, and mixed
shale/carbonate lithologies from three diamond drill cores. Two of the
cores (WRL1 and SV1) were recovered from the “main outcrop area”
in the center of the province nearWittenoom, and one core (RHDH2a)
from the east-northeastern “Oakover River area” in the Ripon Hills
region (Fig. 1).

2.1. Geologic setting

The core samples studied here were collected from the 2.77 to
2.43 Ga Mount Bruce Megasequence Set of the Pilbara Craton in
northwestern Western Australia (Fig. 1), a unit composed of volcanic
and sedimentary sequences deposited on an Archean granite–
greenstone terrane. The depositional history in the main outcrop
area has been described in detail by Trendall and Blockley (1970),

Blake and Barley (1992), Blake (1993), Blockley et al. (1993), Lascelles
(2000), and Thorne and Trendall (2001), and that of the Oakover River
area by Williams (1989), Simonson et al. (1993), and Hassler et al.
(2005). The sedimentology of the WRL1, SV1, and RHDH2a cores was
reported by Meakins (1987), Lawrence (1985), and Richards (1985),
respectively. The stratigraphy of these regions of the Hamersley
Province is summarized in Fig. 2. The cores studied experienced only
relatively low-grade metamorphism, in the prehnite–pumpellyite–
epidote zone described by Smith et al. (1982). The drill cores were
sampled from portions showing minimal pyrite oxidation and the
outer surfaces were removed. There is no evidence in the samples
studied for large-scale redistribution of Fe, such as from secondary
pyritization, or for post-depositional fluid flow through the rocks, as
indicated by δ18O values for carbonate in the samples that fall within
the range of unaltered Neoarchean carbonates (J. Eigenbrode, unpub.
data). Details of the depositional environments of each region are
reported in the online Supplementary material.

Layers of impact ejecta deposited in each region of the province
provide key correlations. Hassler et al. (2005) and Rasmussen et al.
(2005) interpreted impact layers in the Jeerinah and Carawine units
(Fig. 2) to reflect the same event, consistent with ages of 2629±5 Ma
(Trendall et al., 2004) and 2630±6 Ma (Rasmussen et al., 2005),
respectively. In the main outcrop area, this layer is situated ∼2.5 m
below the Jeerinah/Marra Mamba contact (Hassler et al., 2005), but in
theOakover River area, it is∼60 mabove the Jeerinah/Carawine contact
(Rasmussen et al., 2005). Thus, the Carawine Dolomite in the east-
northeast part of the province was deposited at the same time as the
Marra Mamba Iron Formation (IF) in the center, and is not age-
equivalent to the dolomite-dominated Wittenoom Formation (Hassler
et al., 2005; Rasmussen et al., 2005). Here we use a chronostratigraphic
model (Fig. 2) to temporally correlate our samples fromthe two regions,
based on these impact spherule layers, geochronological data (Blake
et al., 2004; Trendall et al., 2004; Rasmussen et al., 2005, and references
therein), and integrateddepositional rates (Trendall et al., 2004); details
are described in the online Supplementary material.

2.2. Materials

The samples studied here are splits from cores collected by
Eigenbrode and Freeman (2006). Care was taken to sample, on a fine

Fig. 1. Geologic map of the Pilbara Craton of northwestern Western Australia (adapted
from Thorne and Trendall, 2001). Shown are locations of drill cores sampled; WRL1 and
SV1 from the main outcrop area, near the depocenter of the Hamersley Province, and
RHDH2a in the Oakover River area, in the Ripon Hills, near the margin.
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scale, the exact depth intervals as these authors to allow direct
comparison of data from their study with new data obtained here.
Some of the depth intervals used by Eigenbrode and Freeman (2006)
were subdivided based on lithologic differences (see Tables S1
and S2). Data collected from these samples were integrated with
data from 31 samples studied by Yamaguchi et al. (2005) that were
collected from the same cores.

2.3. Sample preparation

Samples were prepared for chemical and isotopic analyses
following methods described by Yamaguchi (2002) and Yamaguchi
et al. (2005). Powdered samples were split for whole-rock geochem-
istry and iron isotope analyses. Whole-rock major oxide, carbonate,

total sulfur, total organic carbon, and ferrous iron analyses were
performed by Activation Laboratories of Ancaster, ON Canada.
Hydrochloric acid-extractable Fe and carbonate analyses, as well
as XRD powder analyses, were performed at the University of
Wisconsin—Madison. Full sample preparation and analytical details
are reported in the online Supplementary material.

2.4. Analytical procedures for Fe isotope analysis

Following digestion of the samples and purification of the iron by
ion exchange chromatography, Fe isotope compositions were mea-
sured by multi-collector, inductively-coupled plasma mass spectrom-
etry (MC-ICP-MS; Micromass, IsoProbe) at the University of
Wisconsin—Madison. Detailed analytical procedures are reported by

Fig. 2. Lithostratigraphic and chronostratigraphic relationships of the studieddrill cores. The left sideof thefigure shows the stratigraphy of theWRL1 and SV1 cores fromthemainoutcrop
area based on regional lithostratigraphy described by Trendall et al. (2004) and core logs (Lawrence, 1985; Meakins, 1987). The right side illustrates the stratigraphy of the RHDH2a core
from the Oakover River area based on core logs (Richards, 1985). The scale on each core shows the depth ranges sampled. The age of each sample, and thus the duration of each geological
unit, was determined using a chronostratigraphic model based on geochronological data, impact spherule layers, and integrated depositional rates (see Supplementary material for a
detaileddescription). Thehorizontal tie line connecting thechronostratigraphic columns indicates the simultaneousdepositionof the JeerinahandCarawine impact spherule layers in each
region of the province. Letters in the center of the figure signify U–Pb ages from the literature: a=2597±5Ma (Trendall et al., 1998); b=2629±5Ma (Trendall et al., 2004); c=2630±
6Ma (Rasmussen et al., 2005); d1=2684±6Ma, d2=2690±16Ma, d3=2715±6Ma (Arndt et al., 1991); e1=<2715±2Ma, e2=2715±2Ma, e3=2713±3Ma, e4=2718±
3Ma, e5=2721±4Ma, e6=<2727±5Ma, e7=2724±5Ma (Blake et al., 2004); f=2717±2Ma (Wingate, 1999), and g=2719±6Ma (Nelson, 2001). Schematicwater depth curves
for each regionof theprovinceare shownnext to thechronostratigraphic columns,with sea level andwavebase indicated. The curves arequalitative andmeant to showrelative differences
between the various depositional environments. The curves are based on literature descriptions (see Supplementary material online).
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Beard et al. (2003), Albarède and Beard (2004), and in the online
Supplementary material. Iron isotope data are reported in standard
delta notation as δ56Fe values in units of per mil (‰) relative to the
average of igneous rocks:

δ56Fe = 56Fe=54Fe
� �

Sample
= 56Fe=54Fe
� �

Ig Rxs
−1

� �
× 103

: ð1Þ

The IRMM-014 standard has a δ56Fe value of−0.09‰ on this scale
(Beard et al., 2003).

3. Results

All isotopic and geochemical data collected are reported online in
Tables S1 and S2. A broad range of Fe isotope compositions were
measured, varying between δ56Fe=+0.38 and −2.43‰ for all
samples, including those of Yamaguchi et al. (2005) (Table S2).
Kerogen C isotope compositions measured on the same samples range
from δ13Cker=−27.7‰ to −49.7‰ (Table S2), whereas δ13Ccarb
values for carbonate-rich units are near zero [data from Eigenbrode
and Freeman (2006)]. The dominant Fe-bearing minerals in each
sample were determined based on whole-rock major element, reactive
Fe, bulk S, total organic carbon, and CO2 data, as well as XRD spectra
(see Supplementary material). In addition, we classified samples
based on lithology, grouping samples as carbonate, carbonate-rich
shale, shale, and silicified carbonate, based on CO3–Al2O3–SiO2

relations (Fig. 3), as well as other data.
Themeasured Fe isotope compositions (Tables S1 and S2) reflect the

effects of Fe sources, lithology, mineralogy, and depositional environ-
ment. The δ56Fe values of the very shallow-water Tumbiana Formation
are close to the crustal average (δ56Fe≈0‰, Fig. 4A). With increasing
paleo water depth (Fig. 2), the Jeerinah Formation shales of the main
outcrop area, which have an Fe mineralogy dominated by pyrite and
oxides, have δ56Fe values that decrease from−0.42 to−1.54‰, with a
slight increase near the top to δ56Fe=−1.20‰. In theMarra Mamba IF,
which has variable lithology (shale, carbonate-rich shale, and carbon-
ate) and Femineralogy (including Fe-carbonate, phyllosilicates, siderite,
and magnetite), δ56Fe values are highly variable in the lower and upper
portions, at transitions to other units, and close to δ56Fe=0‰ in the
middle (Fig. 4A). The Fe isotope compositions of shales and carbonates
of the West Angela member, the lowermost unit of the Wittenoom
Formation (Fig. 2), are also variable (δ56Fe=−0.87 to +0.13‰). Most
samples of the dominantly carbonate deposits of the overlying
Paraburdoo member have variably low δ56Fe values (−0.23 to
−1.68‰). In the Oakover River area, the shales of the lower Jeerinah

Formation, inwhich phyllosilicates comprise the dominant Feminerals,
δ56Fe values range from −0.06 to +0.38‰, and all but two of the
measured values are positive. Notably, the upper Jeerinah Formation
and Carawine Dolomite record a major excursion in Fe isotope
composition (δ56Fe=−2.43 to +0.36‰; Fig. 4A).

Shales studied here have a wide range of Fe isotope compositions
and Fe contents (Fig. 4A and B, and Fig. S5). Samples from the
Tumbiana and Jeerinah formations show no clear relation between
δ56Fe values and total Fe content (FeT) (Fig. 4A and B, and Fig. S5A
and B). The Jeerinah Formation shales from each part of the province
have similar FeT contents, but different average δ56Fe values (Fig. 4A
and B). The Marra Mamba IF samples generally have high FeT
contents, and a wide range in δ56Fe values (Fig. 4A and B), but
samples that have low FeT contents also have low δ56Fe values
(Fig. S5C); these samples occur in the transition immediately above
the Jeerinah Formation. In contrast, samples from the Carawine
Dolomite, which is age-correlative with the Marra Mamba IF, have
much lower FeT contents, although these values are significantly
higher than the average Archean shelf carbonate FeT content (Fig. 4B).
In the Carawine samples that have the lowest δ56Fe values (those of
the upper part of the unit; Table S1 and Fig. 4A), a negative correlation
between δ56Fe values and FeT contents is suggested (Fig. 5C). Samples
from the Wittenoom Formation that have an Fe mineralogy
dominated by Fe-carbonate have δ56Fe values that correlate with
FeT (Fig. 4A and B, and Fig. S5D), and the samples that have the lowest
Fe contents fall below that of the average Archean shelf carbonate
value. Samples from the Wittenoom Formation that have a phyllosi-
licate-dominated Fe budget have a generally negative correlation
between δ56Fe values and FeT (Fig. S5D).

Kerogen C isotope compositions for the samples vary greatly,
encompassing δ13Cker values characteristic of photosynthetic carbon
fixation and more negative values that require methane cycling
(Eigenbrode and Freeman, 2006; Fig. 4C). Most units do not show a
significant correlation between δ56Fe and δ13Cker values (Fig. 4A, C,
and Fig. S5E–H), but an important exception is the Carawine
Dolomite, in which there is a slight positive correlation between
δ56Fe and δ13Cker values (Fig. S5G). As is described in Section 4.2.3, this
relation correlates with environmental facies.

The relative degree of Fe enrichment for shales is determined using
total Fe to Al ratios (FeT/AlT), following Lyons and Severmann (2006).
For the Jeerinah Formation, δ56Fe values are, on average, somewhat
negatively correlated with FeT/AlT ratios; importantly, shales of the
Jeerinah Formation of the main outcrop area are relatively more iron-
rich and have significantly lower δ56Fe values than those of the
Oakover River area (Fig. 5A). Relative to FeT/AlT–δ56Fe relations

Fig. 3. The distribution of rock types sampled from the main outcrop area (MOA, gray symbols) and the Oakover River area (ORA, open symbols). The samples analyzed are divided
into three main lithologies, carbonates, carbonate-rich shales, and shales, which are separated by dashed diagonal lines. Symbols used are based on mineral groups from Table S2 in
the Supplementary material. The solid diagonal line represents the mixing line for average Archean shales (Taylor and McLennan, 1985). The symbols that plot significantly below
the mixing line represent shale samples from the Marra Mamba Iron Formation (outlined) and two silicified carbonates (near the SiO2 vertex). Note that only 46 of 89 samples
[including those of Yamaguchi et al. (2005)] are plotted here. The remaining samples were of insufficient size for major oxide analysis.

173A.D. Czaja et al. / Earth and Planetary Science Letters 292 (2010) 170–180



determined for clastic sediments from the Black Sea (Severmann et al.,
2008; Fig. 5), the data from the Jeerinah Formation extend to higher
FeT/AlT ratios and lower δ56Fe values. FeT/AlT and δ56Fe values of the
carbonate-rich shales of the Carawine Dolomite also are negatively
correlated (Fig. 5B). It is important to note that these relations are not
an artifact of different carbonate contents, because the range of
carbonate contents for the samples studied by Severmann et al.
(2008) is the same as the data plotted in Fig. 5 from this study.

For carbonate-rich samples, including those of the Wittenoom
Formation and Carawine Dolomite, we also compare relative Fe
enrichments or depletion using the ratio of HCl-extractable Fe to
carbonate content (FeT-HCl/Ccarb) (Fig. 6), which provides an assess-
ment of the Fe contents of the carbonates. The Wittenoom Formation
samples generally show a good correlation of decreasing δ56Fe values

with decreasing Fe contents in carbonate, whereas the Carawine
Dolomite samples do not have such a correlation; indeed, some
samples with relatively high Fe contents have very negative δ56Fe
values (Fig. 6).

4. Discussion

Neoarchean ecosystems consisted of photoautotrophs (anoxy-
genic and oxygenic photosynthetic bacteria) and chemoautotrophs
(e.g., methanogens and acetogens), as well as anaerobic heterotrophs
(fermentors, Fe-reducing bacteria, sulfate-reducing bacteria, and
anaerobic methylotrophs) and aerobic heterotrophs (e.g., Brocks
et al., 1999; Xiong et al., 2000; Schidlowski, 2001; van Zuilen et al.,
2002; Yamaguchi, 2002; Rosing and Frei, 2004; Kopp et al., 2005;

Fig. 4. Time profiles of isotopic and total Fe data for two regions of the Hamersley Province (see Table S2 in online Supplementary material). Shown are values for δ56Fe in units of per
mil (‰) relative to the average of igneous rocks (A), total Fe (FeT) in wt.% (B), and carbon isotope data in units of per mil relative to the Pee Dee Belemnite standard (C) for kerogens
(δ13Cker; Eigenbrode and Freeman, 2006), and for carbonates (δ13Ccarb; Eigenbrode and Freeman, 2006, and J. Eigenbrode, unpublished data). In part A, the data include two δ56Fe
analyses of pyrites measured by Rouxel et al. (2005) from core RHDH2a. The vertical reference line in part A represents the δ56Fe value of average crustal rocks (δ56Fe=0‰). The
vertical lines in part B indicate the average FeT values of Archean shelf carbonates (FeT=1.24 wt.%; Veizer et al., 1990) and Archean shales (FeT=6.72 wt.%; Taylor and McLennan,
1985). In part C the rightmost reference line represents the average seawater δ13C value and the dashed vertical lines represent an approximate range of expected δ13Cker values for
biomass produced via photosynthesis (Eigenbrode and Freeman, 2006, and references therein). The symbols are the same as those in Fig. 3. All δ13Cker data were measured by
Eigenbrode and Freeman (2006), but the samples that were also analyzed in this study are plotted in part C using symbols based on Femineralogy. For reference, the horizontal lines
in parts A, B, and C mark the boundaries between each geologic formation shown in the chronostratigraphic columns on the left side of part A (cf. Fig. 2).
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Zerkle et al., 2005; Eigenbrode and Freeman, 2006; Hayes and
Waldbauer, 2006; Olson, 2006; Eigenbrode et al., 2008). Below, we
first briefly review the metabolic pathways that were likely involved
in C, S, and Fe cycling in the Neoarchean Hamersley Province
(Table 1), followed by a detailed discussion of the temporal trends.

4.1. Overview of microbial pathways

Photosynthetic fixation of CO2 was undoubtedly the major source
of organic carbon that fueled a large number of other metabolisms.
Though still somewhat controversial, an increasing body of molecular

biomarker work (e.g., Eigenbrode et al., 2008; Waldbauer et al., 2009)
is confirming initial reports (e.g., Brocks et al., 1999) that oxygenic
photosynthesis was established by the Neoarchean. Early photosyn-
thesis likely included anoxygenic photosynthetic iron oxidation
(APIO; Table 1) (e.g., Widdel et al., 1993; Canfield, 2005; Canfield
et al., 2006; Olson, 2006). At circum-neutral pH, the Fe3+ produced by
APIO (see Table 1) or by abiological reaction of Fe2+aq with
photosynthetically produced free O2 reacts with water to form ferric
oxide/hydroxide precipitates [e.g., Fe(OH)3].

Iron and sulfur oxidation and production of organic carbon create
the essential components required to support heterotrophic respira-
tion, including bacterial dissimilatory iron reduction (DIR), and
bacterial sulfate reduction (BSR) (Table 1). DIR is considered to be
one of the earliest microbial metabolisms on Earth (Vargas et al.,
1998; Lovley, 2004) and involves oxidation of organic carbon by the
use of ferric iron minerals (ferric oxide/hydroxides) as electron

Fig. 5. Total Fe content of shales and carbonate-rich shales from the Jeerinah Formation
(A) and the Carawine Dolomite (B), normalized to Al contents (FeT/AlT), versus δ56Fe
values. For comparison, data for oxic (crosses in dark gray field) and euxinic (filled
black circles in light gray field) sediments in the modern Black Sea (Severmann et al.,
2008) are plotted. Symbols for Archean samples are the same as those in Fig. 3. The
open arrows indicate the general directions of deviations from average shale values
(denoted by the horizontal and vertical lines) caused by bacterial dissimilatory iron
reduction (DIR), or oxidation of Fe2+aq by abiological Rayleigh fractionation (ABIO) or
anoxygenic photosynthetic iron oxidation (APIO). Note that data for the Wittenoom
Formation are not plotted because carbonate contents are generally >50 wt.% (as CO3),
whereas the carbonate-rich shales of the Carawine Dolomite are included because they
generally have <50 wt.% carbonate (as CO3). The samples studied by Severmann et al.
(2008) contain 20–45 wt.% carbonate (as CO3).

Fig. 6. δ56Fe values for carbonates of the Wittenoom Formation (gray shaded area) and
carbonate and carbonate-rich shales from the Carawine Dolomite (open outlined area)
plotted against total HCl-extractable Fe, normalized by carbonate carbon content (M/M).
On this scale, siderite would have a value of 1 (100) and ferroan dolomite would have a
value of ≤10−1 (Deer et al., 1992). For reference, thin dashed lines show calculated
Rayleigh fractionations assuming a fractionation factor of −0.4‰ between ferrous and
ferric Fe precipitate, and initial FeT-HCl/Ccarb ratios of 0.2 (left) and 1.0 (right); this
fractionation factor was arbitrarily chosen because many of the data from theWittenoom
Formation samples fit such a factor. Symbols are the same as those in Fig. 3.

Table 1
Simplified metabolic reactions of Neoarchean sedimentary environments.

Metabolism Reaction

Oxygenic photosynthesis CO2+H2O→CH2O+O2

Anoxygenic photosynthetic iron
oxidation (APIO)

4Fe2++CO2+4H+→CH2O+4Fe3++H2O

Dissimilatory iron reduction
(DIR)

4Fe(OH)3+CH2O→4Fe2++HCO3
−+7OH−+3H2O

Bacterial sulfate reduction (BSR) SO4
2−+CH2O→2HCO3

−+H2S
Methanogenesis CO2+4H2→CH4+2H2O or CH3COOH→CH4+CO2

Aerobic methanotrophy (AMT) 7CH4+8O2→6CH2O+CO2+8H2O
Anaerobic oxidation of methane

Coupled to sulfate reduction
(AOM-SR)

CH4+SO4
2−→HCO3

−+HS−+H2O

Coupled to iron reduction
(AOM-IR)

CH4+8Fe(OH)3+15H+→HCO3+8Fe2++21H2O
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acceptors (e.g., Lovley, 2004). BSR is analogous to DIR, but uses sulfate
(SO4

2−) as an electron acceptor.
Below the photic zone, chemosynthetic organisms are the

dominant carbon fixers and exist in a redox couple with fermentors
and methylotrophs. Methanogenesis, likely a dominant anaerobic
chemoautotrophic metabolism in the Neoarchean (Schidlowski et al.,
1983; Eigenbrode et al., 2008), typically involves the use of CO2 or
acetic acid as an electron acceptor and produces CH4 that has very low
δ13C values (Table 1). As proposed by Hayes (1983), and supported by
molecular biomarker evidence (Eigenbrode et al., 2008), aerobic
methanotrophy (AMT) is a possible metabolism in the Neoarchean
that was associated with free O2 in the ocean and would have utilized
the CH4 produced by methanogens (Table 1). In regard to Fe cycling,
AMT would indicate the presence of free O2, which would provide a
means for oxidizing hydrothermal Fe2+aq to form ferric oxide/
hydroxide precipitates, which, along with the organic C produced by
AMT, in turn could support DIR.

Anaerobic oxidation of methane (AOM; Table 1) is another process
that operates in modern marine sediments (e.g., Boetius et al., 2000;
D'Hondt et al., 2004; Sivan et al., 2007) and could explain the highly
negative δ13C values for Neoarchean kerogen (e.g., Hinrichs, 2002).
Today, this metabolism is most commonly coupled to sulfate
reduction. Because AOM commonly operates in the zone of iron
reduction in modern sediments (e.g., D'Hondt et al., 2004), it is
possible that DIR and AOM occur together, but are not directly
coupled. Recently, however, AOM has been shown to also be directly
coupled to Fe and Mn reduction (Beal et al., 2009), which may have
been important under conditions of high reactive Fe, but relatively
low sulfate and Mn contents, as was likely characteristic of the
Neoarchean Hamersley Province.

4.2. Temporal variations in C–Fe cycling in the Neoarchean Hamersley
Province

We group our discussion into four sections: 1) the very shallow-
water, mixed clastic deposition and carbonate precipitation (Tumbiana
Formation), 2) variable but relatively deep-water deposition of pyritic
black shale in the depocenter of the paleobasin, compared with

relatively less deep-water deposition on the margin (Jeerinah Forma-
tion), 3) transition of the deep-water shale deposition to deep-water
iron formation and shale deposition (Marra Mamba IF) in the center of
the paleobasin, and coeval deposition of a relatively Fe-rich carbonate
platform on the margin (Carawine Dolomite), and 4) variable but
relatively shallow-water (photic zone) carbonate and clastic deposition
(Fe-poor Wittenoom Formation).

4.2.1. Clastic/carbonate dominated Fe cycle
The very shallow-water deposits of the Tumbiana Formation have

δ56Fe values that are close to the crustal average (δ56Fe≈0‰). The
near-zero δ56Fe values, and the fact that the iron in these samples is
predominantly in phyllosilicates (Table S2), indicateminimal Fe redox
cycling. The relative paucity of Fe cycling is consistent with the
relatively low reactive Fe contents (Table S2 and Fig. S3). Previously
reported kerogen C isotope compositions from this unit have an
average δ13Cker value of −46.1‰, interpreted to reflect the presence
of organic carbon from methylotrophs (Table S2 and Fig. 4C;
Eigenbrode and Freeman, 2006; Eigenbrode et al., 2008). Bottomley
et al. (1992) and Thomazo et al. (2009) reported δ34S values for
samples from the Tumbiana Formation that suggest a component of
BSR, although the small range of isotope fractionation (δ34S=−5.73
to+2.75‰) was interpreted to indicate biological cycling in a sulfate-
limited environment.

4.2.2. Deep-water bacterial iron shuttle: the Jeerinah Formation
The Jeerinah Formation in the depocenter of the paleobasin (core

WRL1) has a bulk composition indicative of euxinic (anoxic and
sulfidic) conditions relative to the temporally equivalent rocks from
the Oakover River area (core RHDH2a) (Figs. S3 and S4), and this
contrast is reflected in markedly different Fe isotope trends (Fig. 4A).
However, Richards (1985) noted significant pyrite in parts of the
Jeerinah Formation of the Oakover River area and thus occasional
euxinic conditions may have existed in this region. Fig. 7 schemat-
ically illustrates the Fe isotope and relative depositional settings for
the two localities during Jeerinah Formation deposition, although it is
important to note that sediments in each region of the province were
deposited in relatively deep water, below storm wave base. The

Fig. 7. Summary of measured Fe (left) and kerogen C (far right) isotope compositions for the Hamersley Province and schematic environmental interpretations for four time periods
(center). See text for descriptions. The Fe isotope curves are schematically redrawn from the collected isotope data shown in Fig. 4A. In the center panels, heavy vertical arrows
indicate increasing or decreasing δ56Fe values. Dominant carbon sources are noted on the right based on average δ13Cker values. AOM-IR, anaerobic oxidation of methane coupled to
iron reduction; DIR, dissimilatory iron reduction; HT, hydrothermal source.
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relatively high Fe contents of the Jeerinah Formation (Fig. 4B)
preclude production of the negative δ56Fe values through extensive
oxide precipitation. Instead, the negative δ56Fe values that are found
in samples collected from core WRL1 are interpreted to record
transport, or “shuttling”, of low-δ56Fe Fe2+aq from the paleobasin
margin to the euxinic depocenter in the main outcrop area, following
the model proposed by Severmann et al. (2008), which built upon
previous work (Anderson and Raiswell, 2004; Raiswell and Anderson,
2005; Lyons and Severmann, 2006; Severmann et al., 2006). Evidence
for Fe “shuttling” is recorded in increases in FeT/AlT ratios and
decreases in δ56Fe values for euxinic sediments of the Black Sea
(Fig. 5). In this model, ferric Fe is reduced in the sediments on a
shallow shelf by DIR, producing Fe2+aq that has a low δ56Fe value,
followed by transport to the deep euxinic Black Sea basin, where it is
quantitatively sequestered through reaction with abundant H2S,
producing pyrite and retaining the low-δ56Fe values of the DIR-
generated Fe (Severmann et al., 2008). Presumably the driving
mechanism for Fe shuttling is the concentration gradient imposed
by the sulfide sink in the euxinic part of the basin. Other studies have
interpreted low-δ56Fe values to record DIR in modern and ancient
marine sediments (Archer and Vance, 2006; Bergquist and Boyle,
2006; Staubwasser et al., 2006; Homoky et al., 2009), and in a
lacustrine water column (Teutsch et al., 2009).

An important test of the basin Fe shuttle model is documenting the
complementary high-δ56Fe reservoir that is required by isotopic mass
balance (Johnson et al., 2008b; Lyons et al., 2009), and Severmann
et al. (2008) demonstrated that oxic shelf sediments in the Black Sea
have slightly positive δ56Fe values that may balance the negative
δ56Fe values in the euxinic deep-water sediments (see Fig. 5).
Staubwasser et al. (2006) also found evidence for DIR in modern
sediments from the shelf of the northeast Arabian Sea, in the form of
low-δ56Fe reactive Fe3+ and slightly positive δ56Fe values of bulk Fe.
In the Hamersley Province, we suggest that the high-δ56Fe reservoir is
provided by the Jeerinah Formation shales from the Oakover River
area (core RHDH2a; Figs. 4A and 7), althoughwe note that the regions
of the Hamersley Province sampled in this study are separated by
∼300 km and likely by a topographic high in the Neoarchean (Morris,
1993). Thus, we do not claim that Fe was shuttled from one region to
the other, but rather that the main outcrop area represents a region
where low-δ56Fe Fe2+aq was sequestered and the Oakover River area
was one from which low-δ56Fe Fe2+aq was removed. Although the
correlation between FeT/AlT ratios and δ56Fe values for the Jeerinah
Formation samples is not as strong as that for the modern Black Sea
samples (Fig. 5A), the key observation relevant to a DIR-driven shuttle
is that there is a large reservoir of low-δ56Fe Fe in the deeper, euxinic

part of the paleobasin that is contemporaneouswith a slightly positive
δ56Fe reservoir in the relatively shallower part of the paleobasin.
Additionally, abiologic Fe2+aq oxidation would produce large quan-
tities of ferric oxides in the Jeerinah Formation of the Oakover River
area, which is inconsistent with our data (Table S2 and Fig. 4).

Severmann et al. (2008) postulate on several aspects of an Archean
Fe shuttle, but our results, when combined with C and S isotope data,
and consideration of the range of microbial metabolisms that
operated in the paleobasins of the Hamersley Province, provide a
broader view of the Fe shuttle model in the Archean (Fig. 8). First, the
slightly negative to positive δ34S values that typify sulfides in the 2.7
to 2.5 Ga Hamersley Province samples (Bottomley et al., 1992;
Yamaguchi, 2002; Ono et al., 2003; Partridge et al., 2008; Thomazo
et al., 2009) suggest moderate to strong sulfate limitation during BSR,
which in turn suggests that seawater sulfide contents were lower than
those of the Black Sea (Fig. 8). This issue was recognized by
Severmann et al. (2008), who proposed that because of limited
sulfate and excess Fe2+aq in the Archean, the δ56Fe values of
precipitated pyrite in the rock record could be as much as ∼1.5‰
lower than the Fe2+aq source, although it is possible that the δ56Fe
values of pyrite will directly reflect those of precursor Fe-S minerals
and fluids (Butler et al., 2005).

The highly negative δ13C values of kerogen in Neoarchean marine
sedimentary rocks (e.g., Fig. 4C) indicate that a wide variety of
methane-related pathways must also be considered, and in this
regard there are similarities between the Hamersley Province
paleobasin and the modern Black Sea (Fig. 8); note, however, that
in both environments, highly negative δ13Cker values indicate a mix of
photosynthetically generated C (δ13C≈-30‰) and methanogen-
generated C (δ13C<-60‰) (e.g., Freeman et al., 1994; Eigenbrode
and Freeman, 2006; Eigenbrode et al., 2008). Aerobic methanotrophy
(AMT) occurs in the water column of the Black Sea today, at the oxic/
anoxic transition, in the same zone as DIR (e.g., Blumenberg et al.,
2007; Wakeham et al., 2007), suggesting that AMT in the Hamersley
Province paleobasin could have occurred under relatively low O2

conditions (Fig. 8). In addition to anaerobic oxidation of methane
coupled to sulfate reduction (AOM-SR; Fig. 8), AOM coupled to iron
reduction (AOM-IR) could have occurred in suboxic zones of the
paleobasin. We speculate that the Fe isotope fractionations produced
by AOM-IR should be similar to those produced by DIR, where low-
δ56Fe values for Fe2+aq would reflect isotopic exchange with high-
δ56Fe surface Fe3+ on iron oxide/hydroxides (Crosby et al., 2005,
2007). Although it is plausible that AOM-IR produced the negative
δ56Fe and δ13C values in the Jeerinah Formation (Fig. 4C and Fig. S5F),
it is also possible that this relation is coincidental, where Fe isotope

Fig. 8. Schematic diagram of a basin water column illustrating the microbial metabolisms discussed in the text, put into simplified environmental context (left), and interpretive
water column depth profiles of various chemical constituents of the Hamersley Province and the modern Black Sea (right). Chemical reactions are simplified and not intended to be
balanced. AMT, aerobic methanotrophy; AOM-IR, anaerobic oxidation of methane coupled to iron reduction; AOM-SR, anaerobic oxidation of methane coupled to sulfate reduction;
APIO, anoxygenic photosynthetic iron oxidation; BSR, bacterial sulfate reduction; DIR, dissimilatory iron reduction; Ox. Photo, oxygenic photosynthesis. Note that although AMT,
BSR, and AOM-SR reactions are placed in thewater column in the diagram, thesemay also occur in the sediment. APIO and oxygenic photosynthesis are photic-zonemetabolisms and
would thus occur in the shallow-water column. Schematic water column profiles are shown for changing conditions in the Hamersley Province from 2.7 to 2.5 Ga. Several aspects of
the figure draw from those of Severmann et al. (2008).
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fractionations were generated by DIR, but C isotope fractionations
reflect AMT and AOM in the same sediment. The association of highly
negative δ13Cker values with negative δ56Fe values, therefore, may
simply reflect the large zone of suboxic diagenesis that would be
associated with methane cycling. We propose that such a zone would
produce a large vertical interval of high-Fe2+aq contents, relative to
the more restricted oxic/anoxic transitions in modern environments
such as the Black Sea (Fig. 8).

4.2.3. Early Hamersley Province iron formation and ferroan carbonates
The increase in δ56Fe values for Marra Mamba Iron Formation

shales immediately above the Jeerinah Formation is interpreted to
record a major shift in Fe sources to the deeper portion of the
Hamersley Province toward near-zero hydrothermal Fe, and concom-
itant decreases in DIR-driven Fe shuttling (Fig. 7). This is consistent
with the high Fe fluxes that are required in BIF depositional models
(Klein, 2005). It is important to stress that the Marra Mamba IF
samples analyzed in this study are shales, and therefore reflect a
mixture of clastic and hydrothermal Fe, but both sources should have
had δ56Fe values near zero, and this is recorded in the samples
analyzed from the main section of the iron formation (Figs. 4A and 7).

During deposition of the Marra Mamba IF in the main part of the
province, deposition of the CarawineDolomite in theOakover River area
on themargin of theprovincewas accompaniedby a very large decrease
in δ56Fe values (Figs. 4A and 7). The near-zero δ13C values for carbonate
of the Carawine Dolomite (Fig. 4C) indicate equilibrium with seawater,
suggesting the δ56Fe values of the carbonate-bearing shales analyzed in
this study at least in part reflect those of seawater. The correlations of
increasing FeT/AlT contents and somewhat increasing FeT-HCL/Ccarb
contents with decreasing δ56Fe values are opposite that expected for
oxidationof Fe2+aq (Figs. 5Band6).We interpret this relation to indicate
generation of low-δ56Fe Fe2+aq through DIR and transport via an Fe
shuttle, although one that operated on a localized scale, between open
water suboxic and restricted anoxic/euxinic environments (Fig. 7). This
interpretation is consistent with the observation that Fe contents of the
Carawine Dolomite are higher than those of Archean shelf carbonates
(Fig. 4B), and opposite the relations predicted by extensive Fe2+

oxidation,whichwould produce very low Fe contents in the carbonates.
The Fe budget of the carbonate-rich shales of the Carawine Dolomite
varies from ferroan dolomite- to pyrite-dominated, and highly negative
δ56Fe values are found in both types of samples. To the degree that
sulfide contents in the Hamersley Province were moderately low
(Fig. 8), an important modification of the Fe shuttle model for the
Archean is that the “trap” for mobilized Fe may include carbonate, in
addition to sulfide. As is the case for sulfides (see Section 4.2.2), it is
difficult to predict the exact δ56Fe values of the resulting Fe-carbonates.
Experimentally determined Fe isotope fractionation factors between
Fe2+aq and carbonates are slightly positive (Wiesli et al., 2004), which
suggests that the δ56Fe values for precipitated carbonates would range
from those equal to that of the Fe2+aq source if complete sequestration
into carbonate occurred, or slightly lower than that of the Fe2+aq if
precipitation occurred under equilibrium conditions.

Samples from the restricted environments of the Carawine
Dolomite carbonate platform record the lowest δ56Fe valuesmeasured
here as well as some of the lowest δ13Cker values, whereas samples
from non-restricted platform environments record relatively less
negative δ56Fe and δ13Cker values (Fig. S5G). This relation suggests
that in restricted settings, where DIR-produced low-δ56Fe Fe2+aq was
trapped as ferroan dolomite or pyrite, anoxia allowed an increased
contribution of methane-related metabolisms relative to the suboxic
open water environments.

4.2.4. Photic-zone Fe oxidation
The Wittenoom Formation was deposited in water below storm

wave base, but it is interpreted to largely record processes that
occurred in the shallow photic zone of the Neoarchean Hamersley

Province (see Supplementary material online). In addition, because
δ13C values of kerogens from the Wittenoom Formation are
significantly higher than those of older units (Table S2 and Fig. 4C),
Eigenbrode and Freeman (2006) interpreted the measured δ13Cker
values to largely reflect C fixation by photosynthesis in shallow-water
environments. The moderately negative δ13Cker values of ∼−30‰ in
the Wittenoom Formation (Table S2) could be the product of either
oxygenic photosynthesis or APIO, given the generally similar C isotope
fractionations for different photosynthetic pathways (e.g., Zerkle
et al., 2005); support for oxygenic photosynthesis comes from high
abundances of 2α-methylhopanes in shallow-water facies of the
Hamersley Province (Eigenbrode et al., 2008). Konhauser et al. (2009)
suggest that the overall increase in δ13Cker values in the Neoarchean is
due to a decrease in methanogen abundance caused by depletion in
oceanic nickel, an important metal co-factor in several methanogen
enzymes. The significantly negative δ34S values for pyrite nodules in
the Wittenoom Formation indicate BSR in the presence of excess
sulfate (Partridge et al., 2008), which suggests relatively high levels of
O2 in at least the upper water column, consistent with temporal S
isotope (Bottomley et al., 1992; Yamaguchi, 2002; Ono et al., 2003;
Kaufman et al., 2007) and N isotope (Godfrey and Falkowski, 2009)
trends. The near-zero δ13C values for carbonates of the Wittenoom
Formation (Fig. 4C) suggest that these units formed in equilibrium
with seawater.

The strong correlation of decreasing δ56Fe values with decreasing
Fe contents relative to carbonate (Fig. 6) for the Wittenoom
Formation is exactly that predicted by oxidation of Fe2+aq in the
photic zone of the Hamersley Province, accompanied by precipitation
of ferric oxide/hydroxides, producing low-δ56Fe values in the
remaining Fe2+aq via a Rayleigh process (Fig. 7), essentially the
model proposed by Rouxel et al. (2005) and Anbar and Rouxel (2007).
Oxidation of Fe2+aq could reflect an indirectly biological mechanism,
such as oxidation by photosynthetically generated O2, or a directly
biological process such as APIO (see Table 1), which also produces
low-δ56Fe values in the residual Fe2+aq (Bullen et al., 2001; Croal et al.,
2004). The low δ56Fe values measured in the Wittenoom Formation
therefore reflect incorporation of a low-δ56Fe Fe2+aq pool that remains
after extensive oxide precipitation, where the δ56Fe values either
directly record the isotopic composition of Fe2+aq if complete
sequestration occurs or slightly lower δ56Fe values if formation
occurred under equilibrium conditions using the Fe2+aq–carbonate
fractionation factor of Wiesli et al. (2004).

5. Conclusions

The approximately contemporaneous large negative excursions in
kerogen δ13C values and bulk/mineral δ56Fe values in the Neoarchean
marine sedimentary rock record can be explained by environmental
controls on C and Fe cycles that were imposed directly or indirectly by
the likely microbial metabolisms operating at that time, although the
diversity of C and Fe metabolisms does not predict that C and Fe
isotopes should always be correlated. Direct coupling of methane
cycling with microbial Fe redox cycling could have occurred through
anaerobic oxidation of methane coupled to Fe reduction (AOM-IR).
Methane and Fe cycling could have been indirectly coupled via aerobic
methanotrophy (AMT), where the required free O2 could have
oxidized hydrothermal Fe2+, which, when coupled to the organic
carbon produced by AMT, could have supported dissimilatory iron
reduction (DIR). Independent support for AMT comes frommolecular
biomarker studies of the same samples as analyzed here. Anaerobic
oxidation of methane coupled to sulfate reduction (AOM-SR) may
have been limited during at least the early history of the Hamersley
Province, given the narrow range in δ34S values determined in
numerous studies on samples similar to those studied here, which
suggests limited seawater sulfate. The increase in δ13C values for
kerogen and δ56Fe–Fe content relations in younger samples, as well as
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molecular biomarker studies, suggest an increase in oxygenic
photosynthetic contributions to C cycling and Fe redox cycling by
oxide precipitation through reaction of Fe2+aq with photosyntheti-
cally generated O2.

Across-province comparison of the Jeerinah Formation provides
evidence for a basin Fe shuttle generatedbyDIR,where low-δ56Fe Fe2+aq

was lost from suboxic zones on the margin and trapped in the euxinic
portions of the central part of the paleobasin, the first clear Archean
example of the model proposed by Severmann et al. (2008) for the
modern Black Sea. Younger deep-water shales from the center of the
province, deposited along with banded iron formation (Marra Mamba
IF), record an increase in Fe input fromhydrothermal and clastic sources
as recorded by near-zero δ56Fe values. On the margin of the province,
shallow-water mixed carbonate/shale lithologies of the Carawine
Dolomite record the lowest δ56Fe values measured in this study. The
negative correlation between δ56Fe values and Fe contents in these
deposits indicates a likely role for DIR in this environment, and suggests
that carbonates, in low-sulfide environments,may also “trap” low-δ56Fe
Fe2+aq duringDIR-driven Fe shuttling. In contrast, the youngest samples
studied here, the shallow-water carbonates of the Wittenoom Forma-
tion, record photic-zone processes, as indicated by their relatively high
δ13C values for kerogen. Samples from this unit have δ56Fe values that
decrease exponentiallywith Fe contents, a pattern that reflects Rayleigh
fractionation during Fe2+aq oxidation by O2 in the water column. Our
study demonstrates that controversial interpretations of the Fe isotope
record in Neoarchean and Paleoproterozoic sediments may be recon-
ciled through detailed, basin-scale studies, and both extensive oxidation
and DIR-driven redox cycling may occur in the same basin.
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