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The origin of Precambrian iron-formations (IF) remains contentious, particularly with respect to the min-
eralogy of primary precipitates and the exact processes and conditions leading to their formation. Despite
the uncertainties, prevailing hypotheses range from biological precipitation of ferrihydrite to abiotic
water-column formation of greenalite. By contrast, iron carbonate minerals (siderite, ankerite) in IF have
traditionally been attributed to diagenetic origins based on textural and isotopic relationships. Recent
studies on IF from the Neoarchaean-Paleoproterozoic Transvaal Supergroup of South Africa have revealed
evidence for apparently primary, low-d13C, Fe/Mn-bearing Mg calcite as precursor to iron carbonate for-
mation and as a potentially underestimated pathway of isotopically light carbon burial during IF deposi-
tion. Here, we present whole-rock d13C data and carbonate-specific geochemical analyses for samples
from five drill cores that capture the entire stratigraphic extent of the Kuruman and Griquatown IF of
the Transvaal Supergroup. Our results demonstrate remarkable consistency in stratigraphic profiles
among the locations for the trends and magnitudes of bulk d13C values that are independent of parage-
netic association, modal mineralogy, and chemical composition of the bulk carbonate fraction of each
sample. We interpret these records as resulting from water-column abiotic carbonate formation that
was accompanied by kinetic isotopic effects associated with fluctuating conditions (pH, alkalinity) con-
trolling carbonate supersaturation in ambient seawater. Although our interpretation provides strong sup-
port for abiotic, anoxic models for IF genesis prior to the Great Oxidation Event (GOE), it does not entirely
preclude additional biological mechanisms of primary ferric oxyhydroxide formation and its possible role
in an early biological pump.
� 2022 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Carbonate diagenesis in Precambrian (bio-)chemical sediments
can limit the utility of carbon isotopes as a paleoceanographic
proxy for the Earth’s earliest oceans. In the specific case of iron-
formations (IF), carbonate minerals are traditionally thought to
have formed during early diagenesis through microbially mediated
redox transformations within freshly precipitated sediment
(Walker 1984; Nealson and Myers, 1990). Dissimilatory Iron
Reduction (DIR) is assumed to be the predominant redox mecha-
nism, in ways akin to modern anoxic diagenetic environments
where sedimentary ferric oxyhydroxides are utilized by chemoau-
totrophic iron-reducing bacteria as terminal electron acceptors
during anaerobic oxidation of co-occurring organic matter (Baur
et al, 1985; Kaufman et al, 1990; Heimann et al, 2010; Johnson
et al, 2013a). The net result is increasing DIC activity and dissolved
Fe(II) concentrations in the pore fluids, which can stimulate iron
carbonate precipitation. Today, DIR is only one part of a complex
series of bacterially driven redox reactions utilizing several avail-
able electron acceptors during sediment burial (e.g., Mn oxides,
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pore-water sulphate, etc.; Froelich et al, 1979). During the Precam-
brian, however, it is thought to have been the principal diagenetic
process in the precursor sediment to IF because of large initial
abundances of ferric species – postulated to have formed in a glo-
bal ferruginous ocean – and contemporaneously low levels of dis-
solved sulphate (Crowe et al, 2014). Advocates for the importance
of DIR during IF diagenesis cite as evidence the textural habit and
low d13C values of the iron carbonate minerals, namely siderite and
ankerite (Becker and Clayton 1972; Baur et al, 1985; Kaufman et al,
1990; Tsikos et al, 2003; Heimann et al, 2010; Johnson et al,
2013b].

Recent work by the authors on the carbonate record of well-
preserved IF from the Neoarchean-Paleoproterozoic Transvaal
Supergroup in South Africa, has highlighted the potential impor-
tance of primary carbonate precipitation in the form of low-d13C,
Fe/Mn-bearing Mg calcite, as apparent precursor for isotopically
conservative siderite and ankerite formation (Siahi et al, 2020).
The observed relationships and compositional signatures have
led us to hypothesize that the low d13C record of the carbonate
mineral fraction of IF may have been controlled mainly by water-
column processes of carbon cycling and carbonate formation,
rather than exclusively (or even dominantly) by microbially medi-
ated diagenetic processes such as DIR.

In this study, we test the above hypothesis by focusing on new,
stratigraphically controlled, whole-rock d13Ccarb records across the
entire IF sequence of the Transvaal Supergroup. Bulk-rock d13Ccarb

measurements were generated for the first time across several
hundred meters of continuous IF stratigraphy captured in five drill
cores located 10 s of km apart. Our data show a strikingly consis-
tent stratigraphic pattern of d13C variation from the five locations
expressed in both the trends and absolute values. We attempt to
reconcile these observations both with prevailing theories for dia-
genetic carbonate mineral formation in IF via DIR, and with our
alternative interpretation for primary carbonate formation. Recent
studies on kinetic isotope fractionation effects during experimen-
tally simulated growth of siderite in aqueous solutions (Jiang
et al, 2022) allow us to critically question the DIR model for the ori-
gin of isotopically light carbonates and consider primary formation
under temporally fluctuating conditions of carbonate saturation in
the primary oceanic basin as an alternative. Our stratigraphically
consistent records in bulk-carbonate d13C are therefore interpreted
to reflect primarily variations in physicochemical parameters con-
trolling carbonate (super)saturation in seawater through time –
such as pH and seawater alkalinity – rather than strictly redox-
related changes in the paleoenvironment of deposition. Although
our interpretations and conclusions lend support mainly to abiotic
models of IF deposition in an anoxic atmosphere–ocean system
prior to the GOE, we cannot discount the possibility that biological
mechanisms of primary iron oxidation may have contributed – at
least partly – to IF genesis and to an active ancient biological pump,
with ferric iron oxyhydroxide playing an additional key role as
electron acceptor for organic carbon remineralization.
2. Geological background, materials and methods

The Kuruman and Griquatown IF of the 2.6–2.2 Ga Transvaal
Supergroup [Beukes and Klein, 1990; Oonk et al, 2017; Siahi
et al, 2020] together constitute one of the best preserved IF
sequences of the Paleoproterozoic sedimentary record. The five
drill cores selected for sampling (i.e., GASESA, HEX, ERIN, AARPAN
& LONDON) collectively capture the entire IF stratigraphy, which
comprises the lower, microbanded Kuruman IF and the upper,
granular to mesobanded Griquatown IF [Beukes and Klein, 1990;
Oonk et al, 2017]. The drill cores were obtained by the local mining
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industry at localities with a maximum lateral separation in excess
of 25 km in the geographical area northwest of Kuruman in the
Northern Cape Province (Fig. 1). The total true stratigraphic thick-
ness of the Transvaal IF succession in that area ranges approxi-
mately between 400 and 450 m, overlain and underlain,
respectively, by glacial diamictite of the basal Makganyene Forma-
tion of the Postmasburg Group (Fig. 1) and carbonate rocks of the
Campbellrand Subgroup.

All IF samples used here represent quartered-core sections
across banding of lengths ranging between 5 and 10 cm. The bulk
mineralogy is typical of IF and consistent across the entire stratig-
raphy and region, consisting of variable band-to-band combina-
tions of micro-crystalline quartz, magnetite, carbonates (mixtures
of siderite and ankerite with occasional calcite) and iron silicates
(greenalite, minnesotaite, stilpnomelane and riebeckite). Hematite
contents are practically undetectable in all our samples. The car-
bonate mineralogy, mineral chemistry and textural relationships
have been comprehensively described by Siahi et al (2020). The
selected samples therefore constitute mixtures of successive
mm- to cm-scale bands, each with its own modal mineralogical
identity.

The GASESA drill core, which extends into the underlying
Campbellrand carbonates, is the only section that captures most
of the Transvaal IF stratigraphy. The only gap is the uppermost
circa 60 m of the Griquatown IF, which was percussion-drilled. In
this core, an approximately 370 m interval of IF was sampled at
low stratigraphic resolution — one sample per 15 m on average
— for d13C analyses of bulk carbonate and organic carbon. The ERIN
drill core, which captures the upper 275 m of the same IF stratig-
raphy, was sampled at a higher resolution of one sample approxi-
mately every 4–5 m. High resolution sampling, in addition to
facilitating correlation with published data where possible, better
captures the first-order carbonate-carbon isotope trends as well
as the full range of bulk carbonate d13C and its finer-scale variation
across stratigraphy. Stratigraphic profiles for bulk d13Ccarb from the
other three drill cores (i.e., LONDON, HEX and AARPAN) capturing
the upper 180–290 m of the Transvaal IF were generated at a res-
olution of one sample every 7–10 m on average, to compare the
bulk carbonate-carbon isotope stratigraphy on a regional scale.

For bulk organic carbon and corresponding d13C analyses of drill
core GASESA, bulk powdered samples were decalcified using 3 M
HCl (at room temperature) in 50 ml centrifuge tubes for 16 h. Sam-
ples were subsequently neutralised with de-ionised water and
dried at 40�C for 36 h. The sample pellet was then reground and
weighed into tin capsules for isotopic analysis. Stable isotope mea-
surements were performed at Durham University in the Stable Iso-
tope Biogeochemistry Laboratory (SIBL) using a Costech elemental
analyser (ESC4010) coupled to a Thermo Scientific Delta V Advan-
tage isotope ratio mass spectrometer. Carbon isotope ratios are
corrected for 17O and reported in the standard delta (d) notation
in per mil (‰) relative to Vienna Pee Dee Belemnite (VPDB). Iso-
topic accuracy was monitored through routine analyses of in-
house standards and international standards (e.g., IAEA-600,
IAEA-CH-3, IAEA-CH-6, NBS 19, USGS24, USGS40). International
and in-house standards are run daily and provided a linear range
of d13C values between �46 ‰ and + 3 ‰ for isotopic correction.
Analytical accuracy in d13C was better than 0.15 ‰ based on stan-
dards and replicate sample analysis. Total organic carbon data was
obtained as part of the isotopic analysis using the internal standard
glutamic acid (40.82 wt% C). Since TOC contents of the studied
samples were very low, the sample size ranged between 80 and
100 mg of powder. The Costech elemental analyser was set to
macro-oxygen for complete combustion to liberate all organic car-
bon. The isotope analyses were done in ‘‘no dilution mode,” and all
analyses produced a CO2 signal greater than 800 mV, hence provid-
ing maximum confidence in the reported d13C values.



Fig. 1. Simplified regional geological map and stratigraphy of the Transvaal Supergroup (Griqualand West Basin) in the Northern Cape Province of South Africa. The localities
of the five drill cores used in this study are shown NW of the city of Kuruman.
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The carbonate-carbon isotope composition of samples from all
drill cores was determined at SUERC on an Analytical Precision
AP2003 mass spectrometer equipped with a separate acid injector
system. CO2 was released by reaction with 105 % H3PO4 under a
helium atmosphere at 70 �C, after reacting for a minimum of seven
days to ensure complete siderite dissolution. Carbon isotope ratios
are reported relative to VPDB using the conventional delta (d) nota-
tion. Mean analytical reproducibility based on replicates of the
internal laboratory standard MAB-2 (Carrara Marble) was
418
around ± 0.2 %. MAB-2 is extracted from the same Carrara Marble
quarry as the IAEA-CO-1 international standard. It is calibrated
against IAEA-CO-1 and NBS-19 and has the same C and O isotope
values as IAEA-CO-1 (–2.5 % and 2.4 % VPDB, respectively).

Whole-rock d13Ccarb isotope analyses for drill core ERIN were
paired with determinations of major oxide abundances (CaO,
FeO, MgO and MnO) of the bulk carbonate fraction based on the
protocol of Poulton and Canfield (2005). Extractions were per-
formed using 1 M sodium acetate [C2H3NaO2] solution buffered
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with acetic acid [CH3COOH] to pH 4.5. For each sample, approxi-
mately 100–200 mg of bulk powder was placed in 15 ml centrifuge
tubes, to which 10 ml of extraction reagent was added. The cen-
trifuge tubes were placed on a shaker table for 48 h to ensure com-
plete digestion of microcrystalline siderite. After extraction, the
tubes were spun at 5000 rpm for 5 min, and a few ml of the
extracts were decanted into polyethylene vials for chemical
analysis.

Finally, six representative samples from drill core ERIN were
also analysed sequentially for the d13C values of their ankerite
and siderite fractions using the protocol of Al Aasm et al (1990),
to assess possible mineral-specific isotopic controls on the corre-
sponding bulk-rock d13Ccarb values. Based on bulk carbonate con-
tent, between 10 and 50 mg of each sample powder were
reacted in pure H3PO4 sequentially at 50 �C and 100 �C for 12 h
(in water bath) and 1 h (in paraffin), respectively, at the stable iso-
tope laboratory of the University of Cape Town. This methodology
permitted extraction of d13C results that are specific to varyingly
reactive carbonate fractions under the afore-mentioned tempera-
tures, namely ankerite (along with minor calcite when present)
at 50 �C and siderite at 100 �C. Like with the bulk-rock analyses,
data for ankerite and siderite are reported against the VPDB stan-
dard using the standard d notation.

3. Results

Carbon isotope and coupled elemental oxide results are pre-
sented in Tables 1 and 2 and displayed in Figs. 2 and 3. Fig. 2A is
a low-resolution stratigraphic profile for drill core GASESA, which
captures most of the Transvaal IF stratigraphy. The bulk d13Ccarb
Table 1
Carbon isotope data for drillcores GASESA (bulk carbonate and organic C) and drillcores H

HEX LONDON AARPA

Depth d13Ccarb Depth d13Ccarb Depth
mbps ‰ mbps ‰ mbps
�647.7 �8.4 �118.6 �7.9 �483.
�651.5 �8.9 �127.8 �8.1 �490.
�653.2 �6.4 �136.5 �7.5 �498.
�656.1 �6.5 �142.1 �7.5 �508.
�660.9 �7.1 �145.7 �6.5 �516.
�667.0 �8.6 �151.1 �8.3 �527.
�672.4 �8.1 �158.8 �8.2 �537.
�685.4 �8.5 �167.6 �8.0 �542.
�693.8 �7.6 �172.0 �12.3 �547.
�705.8 �8.5 �178.6 �10.5 �559.
�722.4 �9.2 �191.2 �11.0 �571.
�733.4 �12.4 �197.7 �8.3 �578.
�744.2 �10.9 �213.0 �9.9 �586.
�752.8 �11.6 �224.6 �11.0 �596.
�766.9 �11.2 �236.5 �10.8 �604.
�780.1 �10.7 �249.5 �12.8 �614.
�792.0 �11.3 �260.8 �13.1 �619.
�802.4 �11.8 �271.7 �12.8 �629.
�814.2 �12.6 �284.7 �7.3 �635.
�827.4 �13.4 �288.9 �6.5 �648.
�835.6 �12.3 �293.1 �8.9 �655.
�848.9 �11.9 �296.5 �9.3 �660.
�852.7 �9.7 �300.6 �10.3 �666.
�858.9 �6.3 �303.2 �6.5 �670.
�863.9 �8.3 �306.6 �7.2
�867.5 �8.4 �307.0 �7.4
�871.5 �8.9 �309.0 �7.8
�886.5 �6.6 �320.9 �5.8
�898.7 �9.8 �327.8 �8.4
�919.8 �6.1 –332.9 �6.6
�934.3 �5.9 �345.5 �6.0

�349.5 �6.4
�355.6 �8.1

‰: per mil vs VPDB; mbps: meters below present surface.
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record begins in the lower part of the Kuruman IF with values
around �8 ‰, declining up section to just below �12 ‰ over the
first 90 m of IF stratigraphy. This trend is followed by a small
excursion to higher d13Ccarb values, which fluctuate between �8.7
and �10.2‰ over the next 80 m of IF stratigraphy. A sharp positive
excursion is recorded over the circa 60 m lithological transition
between the Kuruman and Griquatown IFs, as the latter has been
defined in previous studies (Beukes and Klein, 1990). Over that
excursion, d13Ccarb values range from �7.9 to �5.7 ‰. Bulk d13Ccarb

values then decline sharply within the lower portion of the Griqua-
town IF to minima between �13 and �11.2 ‰, with a broad trend
of increasing d13Ccarb recorded across the next 130 m of Griqua-
town IF stratigraphy.

For bulk organic carbon, d13CTOC values of drill core GASESA
average �28 ‰ across the entire section, ranging from values as
high as �24 ‰ to as low as –33 ‰. No obvious correlation is
observed with the corresponding bulk carbonate carbon isotope
record (Fig. 2A). It should be noted, however, that the d13CTOC val-
ues were derived from very low amounts of TOC in all samples —
less than 0.1 wt% — and must therefore be interpreted with
caution.

Fig. 2B shows the higher resolution bulk d13Ccarb profile across
the upper Kuruman and Griquatown IFs as captured in drill core
ERIN. The diagram includes mineral-specific d13C analyses for six
selected samples from the same profile to test whether variable
modal carbonate mineralogy impacts the stratigraphic bulk
d13Ccarb signal. The data indicate that co-existing ankerite and side-
rite fractions co-vary with the corresponding bulk d13Ccarb values
within 1–2 ‰ of each-other, suggesting that mineralogical effects
on bulk d13Ccarb are minimal. Adjacent to the ERIN d13Ccarb record,
EX, LONDON and AARPAN (bulk carbonate only).

N GASESA

d13Ccarb Depth d13Ccarb d13CTOC

‰ mbps ‰ ‰

5 �6.4 �142.0 �9.5 �30.0
2 �7.7 �149.5 �13.0 –33.5
5 �7.9 �173.5 �11.2 �30.2
5 �8.6 �191.5 �11.2 �26.8
3 �9.2 �200.6 �11.4 �30.0
0 �8.6 �212.0 �12.2 �26.6
5 �8.9 �228.5 �12.9 �26.1
0 �8.2 �244.0 �12.9 �27.4
4 �9.2 �259.0 �11.7 �27.8
9 �13.1 �265.5 �12.5 �26.6
3 �12.1 �270.5 �7.1 –23.9
0 �11.7 �282.5 �7.9 �30.3
3 �10.1 �296.2 �6.7 �24.4
0 �10.6 �336.4 �5.7 �27.0
6 �10.6 �354.4 �9.3 �28.6
2 �11.0 �366.5 �9.4 �28.4
0 �10.6 �371.0 �10.2 �28.0
3 �11.4 �389.5 �10.0 �31.8
3 �12.2 �403.6 �9.9 �31.1
5 �11.3 �419.5 �8.7 �26.2
6 �10.4 �434.2 �12.3 �28.5
9 �11.5 �441.0 �11.7 �27.4
3 �6.6 �446.5 �11.6 �28.1
4 �9.1 �460.5 �10.9 �27.1

�473.6 �9.2 �30.8
�488.4 �10.2 �27.2
�504.8 �9.5 �27.0
�512.9 �8.1 �26.1



Table 2
Carbon isotope data and carbonate-specific chemical analyses for drillcore ERIN.

Depth d13Ccarb d13Cank d13Csid MgO CaO MnO FeO

mbps ‰ ‰ ‰ wt% wt% wt% wt%
�376.5 �8.8 1.98 3.17 1.25 14.61
�381.9 �9.1 1.94 7.92 0.94 5.70
�383.6 �7.9 NA NA NA NA
�384.2 �7.6 3.61 1.79 0.24 24.48
�386.7 �8.6 3.01 10.69 1.03 7.52
�388.6 �7.0 2.27 9.53 1.46 6.66
�390.2 �8.0 NA NA NA NA
�394.6 �8.1 2.28 7.62 0.73 5.23
�396.5 �8.6 2.61 4.88 0.82 7.78
�399.2 �7.3 1.72 4.42 1.46 18.26
�405.2 �8.0 �8.6 �8.0 3.36 7.63 1.24 11.64
�405.6 �10.6 NA NA NA NA
�407.6 �9.5 3.52 6.90 0.61 13.33
�424.0 �10.9 0.78 3.15 0.46 6.31
�430.8 �10.5 2.05 1.95 0.43 16.62
�432.3 �12.4 0.42 4.33 0.17 4.06
�436.4 �11.1 1.40 0.05 0.31 11.94
�449.8 �10.0 NA NA NA NA
�455.3 �8.5 2.31 2.59 0.32 14.81
�461.4 �9.2 0.75 1.43 0.09 4.49
�464.6 �11.4 0.23 0.01 0.07 1.54
�467.6 �10.3 �10.4 �11.1 NA NA NA NA
�468.2 �10.5 2.46 10.32 0.42 9.43
�473.3 �10.5 2.66 1.62 0.42 14.71
�476.4 �10.3 1.87 4.29 1.53 12.18
�478.3 �10.3 2.13 0.84 0.45 13.29
�481.6 �10.9 3.13 6.80 1.04 19.67
�488.8 �11.3 3.22 0.62 0.37 16.40
�495.4 �10.6 2.90 4.72 0.76 19.30
�498.8 �11.4 1.12 5.01 0.24 5.45
�509.8 �12.0 1.70 6.05 0.36 6.57
�512.5 �12.2 2.55 5.78 0.47 12.84
�515.3 �11.6 0.96 4.71 0.23 4.60
�518.4 �12.1 1.17 1.07 0.12 6.43
�520.5 �12.7 1.24 0.83 0.18 9.31
�523.8 �12.8 �11.7 �12.9 0.87 0.58 0.12 7.50
�525.9 �13.1 0.67 1.40 0.08 3.93
�528.3 �12.6 0.99 3.37 0.19 5.10
�535.3 �11.5 2.37 10.24 0.36 7.43
�538.1 �11.8 2.31 6.96 0.33 8.04
�543.4 �7.2 0.17 19.79 0.19 1.70
�546.3 �6.7 1.12 1.27 0.66 11.79
�550.4 �8.6 2.75 5.07 0.09 13.55
�555.3 �9.0 �7.9 �8.9 2.34 3.99 0.05 9.51
�557.4 �9.3 0.96 0.16 0.03 5.25
�561.6 �8.9 1.30 0.04 0.08 9.29
�565.3 �7.0 0.41 0.21 0.04 0.93
�571.9 �5.9 �5.6 �6.6 2.97 11.85 0.57 8.70
�575.4 �5.7 3.35 10.73 0.52 7.99
�578.2 �5.5 2.61 1.72 0.37 10.99
�579.4 �11.0 0.28 0.68 0.21 1.96
�586.8 �6.0 2.71 2.12 0.36 15.77
�593.6 �6.3 0.93 2.48 0.37 3.26
�595.3 �5.8 0.89 3.05 0.30 1.90
�604.5 �7.5 0.43 2.63 0.11 1.56
�608.3 �8.1 1.73 4.20 0.22 7.51
�609.5 �7.0 0.18 11.05 0.27 1.11
�618.4 �5.9 0.15 3.36 0.16 1.21
�627.5 �7.3 1.06 0.11 0.24 8.49
�637.3 �11.5 0.88 2.01 0.10 5.92
�643.1 �11.0 0.99 0.03 0.18 13.66
�645.7 �10.0 �8.5 �9.6 1.20 1.44 0.17 14.21

wt%: weight percent; ‰: per mil vs VPDB; mbps: meters below present surface.
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we plotted the corresponding profiles for carbonate-hosted CaO/
FeO ratio and for modal carbonate (expressed as the wt% sum of
all measured oxides) as determined through acetate extraction
and subsequent chemical analyses. High variability in these two
stratigraphic records (Fig. 2B) illustrates the correspondingly
highly variable modal abundance and combined chemical compo-
sition of carbonate minerals (ankerite, siderite and/or calcite)
420
across the examined drill core intersection. Isotopically, the overall
high d13Ccarb excursion plateau over the Kuruman-Griquatown IF
transition is resolved into three distinct peaks and troughs of
d13Ccarb values that fluctuate by 2–3 ‰. This high d13Ccarb plateau
compares well with a published bulk carbonate-carbon isotope
profile across the same part of the Transvaal stratigraphy (section
‘‘CORETSI” of Beukes and Klein, 1990; see also Fig. 2B).



Fig. 2. A. Low-resolution carbon isotope stratigraphy for TOC and bulk-rock carbonate of drill core GASESA that intersects the largest part of the Asbestos Hills IF. B. High-
resolution d13C record for bulk-rock carbonate from drill core ERIN that includes six samples analysed for their ankerite- and siderite-fraction d13C. Corresponding
stratigraphic records are also shown for bulk modal carbonate (expressed as the wt % total sum of carbonate-specific CaO, FeO, MgO and MnO data), and for the CaO/FeO ratio
of the carbonate fraction for each sample. The CORETSI bulk-rock d13Ccarb record displayed for comparison is sourced from Beukes and Klein (1990).

Fig. 3. Carbon isotope stratigraphy for the five drill cores used in this study, illustrating the regionally consistent pattern of stratigraphic variation in bulk-rock carbonate d13C
values against the same depth scale below present surface. Variation in the thickness of individual segments of the carbon isotope curves from one drill core to another, are
probably related to either primary lateral thickness variations and/or apparent thickness effects of variably dipping strata on the correspondingly vertical drill core
intersections.
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Up-section from the high d13Ccarb plateau, data drop initially to
a minimum of �13 ‰, and over the next 100 m of section
increase gradually by 3–4 ‰ to values as high as �9 ‰

(Fig. 2B). Lithologically, this gradual positive d13C excursion devel-
ops within a riebeckite-rich subfacies at the lower part of the Gri-
quatown IF [Beukes and Klein, 1990; Oonk et al, 2017]. A sharp
negative d13Ccarb spike to the value of �13 ‰ is recorded at the
top of the latter excursion, superimposed on a broad transition
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between the lower riebeckite-rich facies and riebeckite-poor Gri-
quatown IF above. Here, up to three characteristic stilpnomelane
lutite layers are also observed consistently across all sampled sec-
tions (Oonk et al, 2017). Thereafter, d13Ccarb values rise again to as
high as �7 ‰ over the remaining 80 m of Griquatown IF stratig-
raphy. This pattern of stratigraphic bulk d13Ccarb variation is faith-
fully recorded in the remaining three drill cores (i.e., AARPAN,
HEX and LONDON; Fig. 3).
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4. Discussion

Important benchmarks for any discussion on the significance of
the stratigraphic d13Ccarb record of carbonate minerals in IF are the
ranges and means that d13Ccarb values attain in IF occurrences glob-
ally. To this end, we have compiled published d13Ccarb data for dif-
ferent IF from the earliest Paleoproterozoic (as obtained mostly
from bulk-rock analyses and much less so from mineral-specific
ones) including our new data presented in this paper. We summar-
ily present these data in the histograms of Fig. 4. Although the
dataset displayed is dominated by IF of the Transvaal Supergroup
and less so by those from the Hamersley Basin in Australia, two
striking observations can be readily gleaned: the first is the consis-
tent range of d13Ccarb data between the values of �13 and �5 ‰ for
more than 95% of the plotted global dataset; the second is the close
similarity in the mean value of each subset displayed, which lies
within a maximum of 0.7 ‰ from the global mean d13Ccarb at
�9.6 ‰.
Fig. 4. Histograms displaying ranges of carbonate-carbon isotope data from various
Archean-Paleoproterozoic IF around the globe. A. Hotazel Formation IF (Tsikos et al,
2003; Schneiderhahn et al, 2006; Mhlanga, 2019); B. Kuruman and Griquatown IF
(Beukes and Klein 1990; this study); C. Koegas Subgroup IF (Johnson et al, 2013b);
D. Hamersley IF (Becker and Clayton 1972; Baur et al, 1985; Kaufman et al, 1990).
Note that all deposits plotted are of low metamorphic grade with maximum burial
temperatures of � 300 �C for the Hamersley Basin, and � 150 �C for the Transvaal
Basin (Klein and Gole, 1981; Miyano and Klein, 1983; Klein, 2005).
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The second piece of background information that informs the
nature and origin of carbonate minerals in IF is their textural habit
and any related variability as observed across the IF occurrences
studied. The backscattered electron images of Fig. 5 provide a snap-
shot of typical carbonate textures and intergrowths on various
scales from the South African IF record (Siahi et al, 2020). The
observed textures take the form of fine-grained populations of sub-
hedral to almost perfectly rhombohedral ankerite and siderite
grains, with the former usually attaining larger crystal sizes com-
pared to co-existing siderite. These textures have been variously
attributed in the literature to diagenetic carbonate (re-)
crystallisation sensu lato, although in most instances there is no
precursor species to iron carbonate formation identified. In the sec-
tions that follow, we attempt to elucidate further the origin of the
carbon isotope signature of iron formation carbonates within the
context of prevailing textural relationships and considering both
previously published details and our new results and observations
as presented in this paper.
4.1. Diagenetic controls on carbonate-carbon isotopes in IF

Classic interpretations of diagenetic iron carbonate formation
via DIR have been presented in many previous publications (e.g.,
Baur et al, 1985; Kaufman et al, 1990; Heimann et al, 2010) and
were also comprehensively reviewed by Siahi et al (2020). There-
fore, only a few salient aspects of the DIR model will be revisited
here with relevance to the discussion that follows. In principle,
DIR during anaerobic diagenesis implicates organic carbon oxida-
tion and re-mineralisation by reaction with primary ferric precipi-
tates. The latter are thought to have been dominated by primary
ferrihydrite formed during photoferrotrophy, although we cannot
exclude other inorganic or biological pathways of ferric oxyhy-
droxide formation. A standard chemical reaction that describes
DIR is shown below:

CH2O + 4Fe(OH)3 ! FeCO3 + 3Fe2þ + 6OH� + 4H2O

The above reaction suggests that iron carbonate formation will,
in principle, progress until either of the two reactants – namely
organic carbon or ferric oxyhydroxide – is exhausted. The presently
observed mineralogy of IF, and specifically the abundance of ferric
iron in magnetite and conspicuous lack of preserved organic car-
bon (Dodd et al, 2019; Thompson et al, 2019), point to the latter
being the obvious limiting factor in iron carbonate generation dur-
ing diagenesis.

Recent studies have attempted to address the dearth of organic
carbon in IF (Dodd et al, 2019; Thompson et al, 2019; Jelavic et al,
2020), each from a somewhat different point of view. The study of
Thompson et al (2019) holds special relevance to our current con-
siderations: it specifically proposes that the bulk of biomass depo-
sition would have been physically decoupled from ferric
oxyhydroxide deposition during the formation of IF, in broad
agreement with findings presented in other independent studies
(e.g., Jelavic et al, 2020). This decoupling would have resulted in
the TOC-deficient nature of IF precursor sediment and the con-
comitant lateral migration and deposition of much of the primary
biomass into coastal sediments, where it would have been con-
verted into methane during diagenetic fermentation reactions.
Methane delivery ultimately into the early atmosphere would have
potentially played a major role as climate modulator under a dim
young sun (Thompson et al, 2019).

The model by Thompson et al (2019) summarized above bears
direct significance on the interpretation of the d13Ccarb record of
IF, as it implies that the typical range of d13Ccarb values in IF carbon-
ate minerals as shown in Fig. 4 would reflect mixing of two marine
carbon reservoirs with correspondingly contrasting d13C values,



Fig. 5. Representative back-scattered electron (BSE) images of carbonate minerals from the Asbestos Hills IF. Image A illustrates first-order textural relationships between
larger ankerite rhombohedra (darker grey) and coexisting brighter, finer-grained microsparitic disseminations of siderite scattered around the margins of the ankerite grains.
Brightest grains represent magnetite. Image B displays coexisting siderite (light grey) and ankerite (grey) in fine microsparitic disseminations and occasional complex mutual
intergrowths in a chert-minnesotaite matrix (dark background containing dispersed needles, respectively). Image C displays fine-scale textural relationships between larger
euhedral ankerite (grey) with smaller siderite intergrowths along its grain edges (brighter grey). Dark background is chert. Image D illustrates relic HMC in the Kuruman IF
replaced by darker subhedral aggregates of ankerite, succeeded by brighter siderite aggregates at the outer margin.
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namely DIC at circa 0 ‰ and a fraction of the original biomass
(TOC) at an assumed average value of about �28 ‰. Thompson
et al (2019) further argue that the average d13Ccarb of global IF at
about �9 ‰ (Fig. 4) would reflect diagenetic mixing of the DIC
and TOC reservoirs at an average DIC/TOC ratio of approximately
70:30. In a more nuanced extension of the same argument that
takes into consideration the actual range of d13Ccarb values shown
in Fig. 4, the DIC/TOC ratio as sequestered and registered in IF
would have ranged broadly between 80:20 and 50:50 at any given
time during global iron formation deposition.

The interpretation of Thompson et al (2019) provides a simple
means of addressing not only the lack of organic carbon preserva-
tion in IF but also the variability in the d13Ccarb of IF carbonates
(siderite, ankerite) through diagenetic mixing between isotopically
heavy DIC and 13C-depleted TOC. Thompson et al (2019) also posit
that the shuttling of DIC-sourced carbon to precursor IF sediment
would have been attained through primary, water-column siderite
precipitation, ultimately mixing with isotopically light siderite in
the sediment produced via anaerobic TOC diagenesis (i.e., DIR).
To this end, our new stratigraphic d13Ccarb profiles combined with
recently published results on the mineral chemistry of IF carbon-
ates (Siahi et al, 2020) provide additional insights and constraints.

A key basis for our arguments that follow is the curiously homo-
geneous chemical composition of iron carbonate minerals that we
have studied and reported from the Transvaal IF record (Siahi et al,
2020). Ankerite and siderite populations in our rocks, whether as
monomineralic occurrences or as mixtures of the two species
(Fig. 5), exhibit remarkable small-scale homogeneity in terms of
their MgO/FeO and MnO/FeO abundance ratios. This chemical
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homogeneity when combined with the commonly euhedral textu-
ral habit of individual carbonate grains and aggregates (Fig. 5) sug-
gests that any compositionally distinct populations of carbonate
minerals representing potentially discrete carbonate sources are
likely to have been erased during diagenetic carbonate transforma-
tions. In simple terms, we consider it impossible to physically dis-
tinguish different generations of iron carbonate minerals based on
textural observations and mineral-chemical analyses, at least inso-
far as the rocks we have investigated here and through our recent
studies are concerned (Siahi et al, 2020).

The difficulty in resolving the relative contributions of marine-
versus diagenetically derived carbonate in the bulk carbonate frac-
tion of IF samples, compounds the problem of determining with
sufficient confidence the mineralogical nature of primary carbon-
ate precipitation during deposition of IF. Thompson et al (2019)
propose without supporting details that marine carbonate precip-
itation must have been primary siderite with a d13C value at
around 0 ‰. Whereas water-column siderite formation has been
argued before as part of IF depositional models (e.g., Konhauser
et al, 2005), the estimated relative contribution of marine siderite
of well above 50% of the overall carbonate budget in IF (Thompson
et al, 2019) is at odds with widely proposed diagenetic models of
iron carbonate formation in IF (e.g., Heimann et al, 2010; Posth
et al, 2013), which propose an almost exclusive mode of siderite
formation occurring below the sediment–water interface via DIR.
Furthermore, primary siderite precipitation cannot readily account
for the molar CaCO3 and MgCO3 recorded in the carbonate fraction
of IF, at least in terms of the Ca. Calcium is presumably recycled
into – and therefore reflected in – the abundant ankerite fraction



Fig. 6. Binary relationships against d13Ccarb of drill core ERIN. A. Bulk modal
carbonate expressed as the wt % total sum of carbonate-specific CaO, FeO, MgO and
MnO data; B. CaO/FeO ratio of the carbonate fraction of each analysed sample.
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contained in many IF (Siahi et al, 2020). To this end, Heimann et al
(2010) proposed that the modal CaCO3 fraction in IF is likely to
have been sourced from seawater during primary calcite deposi-
tion carrying a typically marine d13C signature (i.e., near-0 ‰),
which would ultimately have become incorporated into ankerite
– and far less so in siderite – during sediment diagenesis and
burial.

The recent study of Siahi et al (2020) on the carbonate mineral-
ogy of the Transvaal IF, along with many earlier studies on carbon-
ate minerals in other IF globally (e.g. Baur et al, 1985; Beukes and
Klein, 1990; Kaufman et al, 1990; Tsikos et al, 2003), demonstrate
with sufficient clarity that no discussion around the origin of IF can
be based on the simplistic premise that the sole primary carbonate
mineral in IF was siderite. The natural consequence of this conclu-
sion is that determining the ultimate origin of the carbonate frac-
tion of IF becomes an extremely challenging and nuanced
objective. For example, it remains unresolved whether the primary
carbonate species was calcite, siderite, variable mixtures of both,
and/or any other carbonate phase that may not be preserved in
the actual rocks. It is also hitherto not clear whether any two (or
more) primary carbonate species may have formed simultaneously
in the ambient water column, perhaps at different depths and
under contrasting physico-chemical conditions. It is also unknown
whether the depositional fluxes of each of these carbonate species
were temporally constant or variable; whether any of these car-
bonates may have undergone partial dissolution and open-
system recycling through, for example, open-system diagenetic
dissolution under transiently low-pH conditions; and most cru-
cially with respect to carbon isotopes, whether these carbonate
minerals may have nucleated – partly or wholly – in equilibrium
with a seawater parcel characterised by a low d13C signature (e.g.
deep marine waters charged with oxidized CH4 or hydrothermally
sourced CO2; see also Jiang and Tosca, 2019).

The above considerations paint a highly nuanced landscape
with respect to primary carbonate precipitation during IF deposi-
tion, which is compounded further by the possibility that the pos-
tulated diagenetic carbonate fraction of IF was also highly variable
through time and controlled by several overlapping processes and
effects. For example, it remains equally uncertain whether the
original biomass deposited in precursor IF sediment had an invari-
ant isotopic composition or was temporally variable in response to
fluctuating sources and fluxes of TOC at any given time. It is also
unknown whether diagenetic carbonate formation during DIR
was largely monomineralic in the form of isotopically light siderite
or it may have also occurred as a mixed carbonate phase in the
presence of additional cationic species in pore fluid [e.g., Mg(II)
or Ca(II)]. Finally, it remains unconstrained whether open-system
diagenesis was conservative with respect to organic carbon
sequestration and redox cycling, or upward loss of re-mineralised
TOC as low-d13C DIC into benthic marine waters was possible, at
least partially.

Our only direct proxy for the isotopic composition of preserved
TOC in the Transvaal IF is based on the d13CTOC values determined
from the vanishingly small amounts of bulk organic carbon con-
tained in the IF samples of drill core GASESA (Fig. 2A). We already
alerted the reader in our ‘‘Results” section earlier to the fact that
such small abundances of TOC and, by extension, the values and
range of d13CTOC obtained from them, must be treated with
extreme caution. This concern stems from the likelihood that such
low concentrations commonly represent refractory carbon from
non-marine sources, possible occasional contamination during
sample handling, and/or analytical artefacts produced during
instrumental determination of d13CTOC on extremely low TOC con-
tents. In short, the isotopic composition of the infinitely low
amounts of TOC in our samples and in IF in general, arguably con-
founds considerations on its sources and possible redox cycling
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during primary deposition and diagenesis, rather than offering a
robust proxy for such processes.

The two binary diagrams of Fig. 6 can provide some constraints
on possible controls on bulk d13Ccarb variability during IF deposi-
tion. Firstly, the binary diagram linking the bulk d13Ccarb value with
the corresponding sum of carbonate-hosted cations for each sam-
ple (expressed as the wt% sum of the oxides of Ca, Fe, Mg and
Mn; see Fig. 6A) represents a possible measure for the temporal
variability in d13Ccarb against variation in modal abundance of pre-
served carbonate. Assuming conservative, closed-system diagene-
sis with respect to (at least) carbon, the modal abundance of
bulk carbonate in IF would faithfully reflect the mixing of DIC from
the seawater-derived carbonate fraction, with recycled TOC as
hosted in the carbonate mineral fraction that formed entirely
below the sediment–water interface during anaerobic diagenesis
(i.e., DIR). The added assumption for a constant depositional flux
of near-0‰marine carbonate to the precursor IF sediment through
time, would in fact translate the bulk d13Ccarb value into a reliable
record of the relative abundance of TOC in the initial sediment at
any time (see also Konhauser et al, 2017).

The second binary diagram (Fig. 6B) displays the relationship
between bulk d13Ccarb and the carbonate-hosted CaO/FeO molar
ratio. This diagram also has the potential to constrain bulk d13Ccarb

variability in IF in response to variable inputs of seawater versus
diagenetically formed carbonate, based on the assumption that
the molar calcite fraction in IF is exclusively of primary marine ori-
gin and has a d13C value very close to 0 ‰, while isotopically light
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iron carbonate would have formed exclusively via diagenetic DIR.
Nevertheless, both diagrams of Fig. 6 show no relationship of sta-
tistical significance whatsoever and therefore fail to provide any
meaningful constraints on bulk d13Ccarb variability in IF through
time. To the contrary, some additional questions emerge, such as
the evidently well-constrained range in bulk d13Ccarb of IF between
�5 and �13 ‰ (Fig. 5), when the postulated range between end-
member marine and diagenetic carbonate in IF is between 0 and
�28 ‰. In simple terms, we consider puzzling why bulk d13Ccarb

values are not much lower than the value of-13 ‰ at least locally,
for example in cases whereby diagenetic DIR may have transiently
been the dominant contributing pathway to the bulk carbonate
fraction of IF. Similarly, at least a few d13Ccarb values higher than
�5 ‰ would signify the occasionally overwhelming marine contri-
bution to the bulk carbonate budget in IF, yet such values are rarely
recorded in most IF.

The overarching conclusion derived from the above discussion,
is that the laterally and vertically consistent carbonate d13C stratig-
raphy reported in this paper for the Asbestos Hills IF sequence of
the Transvaal Supergroup, cannot be attributed with any certainty
to a simple process of mixing of DIC versus organic carbon during
deposition and diagenesis. It follows that the carbon isotope
stratigraphy observed must either be regarded as a priori record
of fluctuations in the DIC/TOC ratio of sequestered carbon in IF
through time, or an alternative and hopefully more parsimonious
interpretation would have to be sought. The following section
exploits new evidence in support of such an alternative interpreta-
tion, followed by its possible first-order implications.

4.2. Primary carbonate deposition as the main control for d13Ccarb
variation in IF

Carbon isotope chemostratigraphy has been applied extensively
to chemical sedimentary sequences of Phanerozoic age, emphasiz-
ing the d13C record of biogenic carbonate sediments and sedimen-
tary rocks of unequivocal primary marine origin (e.g., Jarvis et al,
2006). One of the common objectives of such applications is the
elucidation of short-term perturbations in the global carbon cycle
and their paleoenvironmental and paleoclimatic consequences
(e.g.,Mesozoic Oceanic Anoxic Events; Tsikos et al, 2004). However,
analogous applications targeting continuous IF sequences from the
Precambrian sedimentary record have, to our knowledge, been
comparatively neglected. A key reason for this gap appears to be
the widely held contention that carbonate minerals in IF must be
largely diagenetic in origin via microbially mediated processes of
ferric iron reduction (DIR) and are therefore unlikely to have
recorded primary seawater signals and processes in their stable
isotope ratios (Fischer et al, 2009; Heimann et al, 2010; Johnson
et al, 2013a).

One of the main arguments against exclusively primary, large-
scale, low-d13C iron carbonate precipitation in Archaean ocean
basins relates to the postulated requirement for much higher DIC
concentrations in Archaean seawater compared to today. Elevated
seawater DIC could, in turn, reflect exchange with an atmosphere
characterised by correspondingly higher PCO2 levels than those at
present, which are widely thought to have offset the climatic
effects of lower solar luminosity in deep time (Kasting, 1993;
Krissansen-Totton et al, 2018; Cattling and Zahle, 2020). Although
precise constraints for atmospheric PCO2 before the GOE remain
elusive, many authors also agree that a significant contribution of
methane as additional greenhouse gas in the Archaean atmosphere
would be warranted, at least periodically (Sheldon, 2006; Zerkle
et al, 2012).

It follows that high DIC levels in Archaean seawater would have
effectively dampened any isotopic effects and development of
associated isotopic depth gradients related to organic carbon
425
respiration in the oceanic water column, unless the biological car-
bon pump at that time was unrealistically stronger than it is today
(Fischer et al, 2009). This of course does not mean that a biological
pump was not operating during IF deposition, but rather that its
isotopic effect in the ocean would have been effectively masked
by a high ambient DIC content at near-0 ‰ d13C. Any primary car-
bonate precipitation in equilibriumwith Archaean seawater during
the deposition of IF would thus be expected to record a d13C signa-
ture very similar to that of seawater DIC at that time (Fischer et al,
2009; Thompson et al, 2019).

Recent experimental studies, however, have revealed a new abi-
otic pathway of microsparitic iron carbonate precipitation, which
is accompanied by strong kinetic isotopic effects on the fractiona-
tion of carbon isotopes (Jiang et al., 2022). The primary control for
such fractionation is reported to be the degree of siderite supersat-
uration in ambient seawater, referred to as parameter ‘‘X” in Jiang
et al (2022). Importantly, carbon isotope fractionation from an ini-
tial DIC pool of near-0 ‰ d13C, appears to be large enough to
account for the entire �13 to �5 ‰ range of d13C values typically
recorded in IF carbonate minerals from the South African record
and globally (Fig. 4).

Contrary to models involving DIR, we propose that primary iron
carbonate formation and associated kinetic carbon isotope frac-
tionation as detailed in the experimental work of Jiang et al
(2022) provide a simple, feasible, and more parsimonious explana-
tion for the development of vertically and laterally reproducible
chemostratigraphic profiles for the carbonate d13C record of IF
(Fig. 7). First-order variability in d13Ccarb through time would be
controlled by secular changes in water-column conditions of iron
carbonate (super)saturation in response to ocean basin-wide fluc-
tuations in key physicochemical parameters influencing carbonate
formation, such as seawater alkalinity and pH (Thibon et al, 2019;
Jiang et al, 2022). In essence, our interpretation removes the need
to invoke unusually light DIC in the water column, while the regio-
nal consistency in d13C demands regional similarities in fractiona-
tions during carbonate precipitation. Additional inputs of low-d13C
DIC involved in primary carbonate formation should also not be
discounted, such as periodic contributions of hydrothermally
sourced CO2, isotopically light carbon from an active biological
pump, and/or oxidation of methane (Fig. 7). In such cases, the
d13C eventually recorded in the carbonate fraction of IF at any time,
would reflect the cumulative fingerprint of any combination of the
above processes and effects.

It ought to be stressed here that the experimental work of Jiang
et al (2022) was focused entirely on the precipitation of primary
end-member iron carbonate (siderite) from Fe(II)-rich solutions
devoid of other cationic species such as Ca(II). It therefore does
not provide a direct explanation for the widespread occurrence
of low-d13C microsparitic ankerite which, as indicated earlier, is
also a common and abundant component in the Asbestos Hills IF
and in IF in general (see Fig. 5). Petrographic studies from the
Asbestos Hills IF (Siahi et al, 2020) have reported the occasional
preservation of Fe/Mn-bearing Mg calcite as an apparent precursor
to ankerite and siderite growth through an interpreted process of
bulk replacement. The textures observed by Siahi et al (2020)
(see Fig. 5D of this study) may be regarded as broadly comparable
to those observed by Jiang and Tosca (2019) attributed to amor-
phous iron carbonate (AFC) microspheres acting as apparent seeds
for microsparitic siderite (over)growth. Close compositional [(Mg,
Mn)O/FeO ratios] and isotopic (d13C) similarities are also recorded
in the Asbestos Hills IF between primary Mg calcite and the
enveloping iron carbonates (Siahi et al, 2020); the isotopic similar-
ities are further supported by the results of the sub-selection of six
IF samples from this study for which separate ankerite and siderite
fractions were targeted for d13C analyses (Al Aasm et al, 1991; see
Fig. 2B). These observations collectively suggest that the



Fig. 7. Schematic illustration of two end-member pathways for low-d13C bulk carbonate formation in IF, leading to the reproducible inter-site carbon isotope
chemostratigraphy recorded in the Asbestos Hills IF of the Transvaal Supergroup. A. Primary abiotic formation of low-d13C, Fe/Mn-bearing HMC in an anoxic, high-DIC water
column, followed by isotopically conservative overgrowth/replacement by ankerite and siderite (based on results by Siahi et al, 2020, and this study). The model assumes
kinetic isotopic effects to carbonate formation (Jiang et al, 2022) but also makes allowance for the addition to the DIC pool of anaerobically respired, isotopically light carbon
(TOC, CH4) during an active biological pump. (B) Combination of primary siderite deposition in equilibrium with d13CDIC at near-0 ‰, with diagenetic, low-d13C siderite
formation following organic carbon remineralisation by primary ferric oxyhydroxides via DIR (Thompson et al, 2019). The hypothetical d13Ccarb curve shown adjacent to the
diagram is drawn in response to crudely depicted modal siderite relationships that would have been conservatively captured in primary IF sediment. Note that the model (B)
based on the work of Thompson et al (2019), makes no provision for the occurrence of calcic carbonates in IF (calcite, ankerite), which are consequently not considered in the
diagram. See text for detailed discussion.
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experimental results of Jiang et al (2022) may find analogous appli-
cation in chemically more complex aqueous environments of IF
deposition, in which carbonate saturation may have reflected the
presence of cationic species in addition to Fe(II) in seawater, such
as Ca(II), Mg(II), and/or Mn(II). Future experimental studies involv-
ing combinations of the above cations in solution will likely shed
further light on this issue.
5. Conclusions and implications

In this paper, we revisit the bulk carbon isotope composition of
the carbonate fraction of IF as a possible proxy for primary carbon-
ate formation in seawater during IF deposition. Our target
sequence was the well-known Asbestos Hills Subgroup of the
2.6–2.2 Ga Transvaal Supergroup in the Northern Cape Province
of South Africa (Griqualand West Basin). We obtained stratigraph-
ically controlled, bulk d13Ccarb data from five drillcore intersections
capturing the largest stratigraphic portion of the Asbestos Hills IF
and straddling a present geographical distance of over 25 km.
Our approach was informed by an earlier study of ours (Siahi
et al, 2020), in which we report evidence for preservation of appar-
ently primary, low-d13C Mg calcite in the same rocks as a precursor
to isotopically similar (with respect to carbon) ankerite and
siderite.

We first assessed the consistently reproducible carbonate d13C
stratigraphy of the Asbestos Hills IF strata against prevailing mod-
els of diagenetic formation of iron carbonates via DIR. We found no
compelling petrographic or compositional (including isotopic)
information in our rocks that would suggest with any certainty
that the chemostratigraphic profiles presented here must reflect
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diagenesis via systematic, regionally uniform contributions to pore
water DIC through TOC remineralization in the precursor IF sedi-
ment. We consequently argued that pathways of primary abiotic
iron carbonate formation in the ancient water column accompa-
nied by kinetic isotopic effects as recently explored by Jiang et al
(2022) is likely to be the more plausible mechanism for the deliv-
ery of a qualitatively and quantitatively consistent, basin-wide
stratigraphic trend in the low-d13C carbonate record of IF.

One of the obvious practical implications of our work is the
potential utility of the carbon isotope record of IF as an effective
stratigraphic correlation tool, at least within the geographical
scales of a single paleobasin of widespread IF deposition. In the
wider context of formation models for IF and their significance as
key record of Earth’s early biogeochemical evolution, our results
encourage reassessment of current paleoenvironmental models
for the early Earth and for the carbon cycle during IF deposition
specifically. One of the common issues we recognise in recent com-
peting models for IF genesis is that they tend to focus on the signif-
icance of specific Fe-rich mineral phases and their possible origins,
overlooking the large compositional complexity of IF on wide-
ranging scales of observation. For example, long-standing biogenic
models for primary iron oxidation present ferrihydrite as essen-
tially the sole mineral precursor to IF genesis, while the domi-
nantly ferrous mineral character of IF is attributed mostly – if
not exclusively – to a diagenetic environment of quantitative
organic carbon respiration and coupled ferrihydrite reduction
(Konhauser et al, 2005; Johnson et al, 2013a). In fact, only recently
has the possibility of substantial primary iron carbonate formation
in the water column from ambient Fe(II) received attention in
efforts to account for the paucity of organic carbon preservation
in IF (Thompson et al, 2019). In stark contrast, other emerging abi-
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otic models for IF genesis in an anoxic, pre-GOE atmosphere–ocean
system invoke the iron silicate mineral greenalite as the dominant
precursor species in IF (Rasmussen et al, 2019, 2021), with the
modally abundant magnetite attributed to secondary oxidation of
Fe carbonate minerals (Rasmussen and Muhling, 2018). However,
the possibility of a silicate precursor is offered without considering
the clear compositional disparities between the silicate, oxide and
carbonate fractions of IF, especially with respect to the mineralog-
ical distribution of elements such as Mn (Oonk et al, 2017; Siahi
et al, 2020).

We argue that effective modelling of the origin of IF should
occupy the middle ground of the above two model extremes. Our
stratigraphically controlled carbon isotope results in combination
with the recent work of Jiang et al (2022) appear to lend further
credence to entirely abiotic pathways of primary iron silicate and
carbonate mineral formation in IF - that is, mechanisms that do
not require Fe reduction via DIR. At the same time, the suggestion
for abiotic magnetite formation via methanization of HCO3

– or CO3
2–

in ferruginous waters by aqueous Fe(II) (Thibon et al, 2019) pro-
vides at least one alternative pathway for iron oxide formation in
the absence of free molecular oxygen. It follows that the mineral-
ogy, bulk redox state, and characteristic compositional banding
of IF could result from entirely abiotic cyclic mechanisms of iron
mineral precipitation in the absence of O2, with profound implica-
tions for the role of IF in understanding biological and redox evolu-
tion models leading up to the GOE. At the centre of such abiotic
pathways lies CO2 and its aqueous speciation in seawater, as both
an electron acceptor and control on seawater alkalinity and pH.
Therefore, integral features of IF genesis such as the rhythmic
microbanding and the variability in its isotopic record across time
and space as displayed in the chemostratigraphic profiles of this
study, may find explanations in temporal fluctuations in seawater
alkalinity and pH during IF deposition rather than in the redox
regime of the primary depositional and diagenetic environments.

We also assert that abiotic IF models need not preclude the pos-
sibility of at least transient biogenic contributions to primary ferric
oxyhydroxide formation (e.g., via photoferrotrophy or oxygenic
photosynthesis) as an additional precursor contributor to the typ-
ical mineral assemblages of IF. Primary ferrihydrite formation, for
example, may have operated at least, but its recycling in the water
column by reduced carbon compounds may also have been possi-
ble and near-quantitative, thus accounting for the conspicuous
absence of organic matter preservation in IF and the preponder-
ance of magnetite as the chief oxide mineral. The isotopic effects
of such an early biological pump in the pre-GOE ocean will likely
remain difficult to unravel, as they may be obscured by the report-
edly large kinetic isotopic effects accompanying iron carbonate
supersaturation and attendant primary carbonate formation
(Jiang et al, 2022). Irrespective of the above challenges, we are con-
fident that our work opens new avenues of discovery for the broad
topic of carbon cycling prior to the GOE, and particularly the multi-
faceted role of CO2 during primary IF deposition.
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