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Among the largest banded iron formations (BIFs) are those 
of the Transvaal Supergroup in South Africa1,2 and the 
Hamersley Basin in Western Australia2,3. The Transvaal 

Supergroup contains the ~2.52 to 2.43 billion years ago (Ga) 
Kuruman and Griquatown iron formations, as well as the correla-
tive Penge Iron Formation, and has an aerial extent of ~110,000 km2 
and a maximum thickness of 950 m (refs. 1,2). The Transvaal 
Supergroup can be correlated with the Hamersley Group in Western 
Australia1 (Supplementary Fig. 1), which has an aerial extent of over 
100,000 km2, a thickness of ~ 2.5 km (for example, Morris4) and 
includes the Marra Mamba, Brockman, Weeli Wolli and Boolgeeda 
iron formations that were deposited between ~2.6 and 2.45 Ga. The 
peak deposition for both the South African and Australian BIFs2 
coincides with the onset of the Great Oxidation Event (GOE) at 
~2.45 Ga (refs. 5,6), when oxygen first accumulated in the atmo-
sphere (reviewed in Farquhar et al.7).

Iron oxidation and BIF deposition
The ferric iron in BIFs is generally considered to have formed  
by the oxidation of dissolved ferrous iron, Fe(ii), in seawater 
by either oxygen produced by cyanobacteria8 or via anoxygenic  
photoferrotrophy9. In either case, the primary minerals deposited 
would be hydrous ferric oxyhydroxides (HFOs)10. The depo sition 
of HFOs and the subsequent dehydration to haematite (Fe2O3)  
or reduction to magnetite (Fe3O4) and siderite (FeCO3) is  
supported by mineral textures and petrographic relationships, 

stable isotopes and rare earth element patterns (reviewed in 
Konhauser et al.11).

Recently, greenalite (Fe3Si2O5(OH)4), an Fe(ii) silicate mineral, 
was interpreted in some Transvaal Supergroup and Hamersley 
Group BIF as a water column precipitate that constituted the  
precursor to BIFs12–15 (Fig. 1). If true, this would have significant 
implications for Archaean and Palaeoproterozoic seawater chemis-
try, as the interpretation of the BIF trace element archive is based on 
the predictable nature of the adsorption to HFOs that would have 
precipitated from, and equilibrated with, contempo raneous seawa-
ter16,17. Crucially, it implies the lack of an Fe(ii) oxidant and a marine 
photic zone biosphere at that time. This is clearly at odds with the 
widely accepted view that the Neoarchaean oceans were already 
oxygenated and a diverse marine biota that consisted of cyanobac-
teria and anoxygenic phototrophs was already in existence18.

Nonetheless, intrigued by the possibility of a greenalite precur-
sor (Fig. 1) and that a significant departure in our understanding 
of Archaean–Palaeoproterozoic ocean chemistry and the biosphere 
would be required, we modelled the feasibility of having second-
ary fluids oxidize an Fe(ii) precursor at a basin scale. Evidence 
that supports oxidizing fluids includes veining19, overprinting of 
palaeomagnetic signatures20,21 and the resetting of isotope sys-
tems22–24. However, those studies are focused on areas proximal to 
high-grade ore deposits with a limited areal extent (Supplementary 
Information). To investigate the potential for oxidizing BIFs at  
a basin scale, we developed a simple hydrogeological box model 
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(Fig. 2) to test the time needed to postdepositionally oxidize a 
deposit the size of the Hamersley Basin.

Postdepositional oxidation by groundwater
Oxidation time calculations were carried out by varying the  
(1) target percentage of Fe(ii) oxidized, (2) permeability, (3) 
hydraulic gradient and (4) dissolved oxygen concentration (CDO) 
(Table 1). A total of 51 different Fe tonnages, 36 different hydrau-
lic conductivities, 19 different gradients and 109 different dissolved  

O2 concentrations were considered, which resulted in 3,802,356 
permutations. A permutation was considered successful if the time 
necessary for the oxidation was less than 250 Myr, the length of time 
between deposition and the Ophthalmian orogeny, or less than the 
minimum age of the BIF in the Hamersley Basin, ~2.45 Ga (ref. 25). 
We also note that 250 Myr is considerably longer than the 70 Myr 
used by Rasmussen et al.23 to explain an oxidation event purported 
to have affected most of the Hamersley Basin. Similarly, scenarios 
that account for the 1.3 Gyr of episodic hydrothermal alteration, 
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Fig. 1 | conceptual model for the postdepositional oxidation of greenalite by oxidative groundwater (for example, Rasmussen et al.14 and Johnson et al.15). 
a–c, Deposition of a greenalite precursor phase (a) followed by postdepositional oxidation pathways that include early diagenetic fluids (b) or infiltration of 
a meteoric oxidizing fluid and flow parallel to iron-rich layers (c) (as proposed by ref. 29). d, Banding preserved in the Joffre Member of the Brockman Iron 
Formation, Western Australia. Any postdepositional oxidation must be capable of explaining the preservation of the distinct banding characteristic of BIFs.
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proposed to have grown new xenotime or reset its U–Pb isotope 
system24, are encompassed within our 2.45 Gyr secondary cutoff. 
In other words, in constraining the model predictions, we erred on 
the conservative side. Of the 3,802,356 simulations run, only 40,251 
(~1.06%) returned oxidation times <250 Myr (Fig. 3a). Of all the 
model runs, only 8.87% returned ages less than the age of the BIF 
themselves, 2.45 Gyr.

The fastest simulation required only 34.7 Myr. However, this spe-
cific model run utilized the highest permeability in the input range, 
greatest CDO, largest topographic gradient and considered the oxida-
tion of the least amount of Fe. Although that value of permeabil-
ity is found in some limestones, dolostones and certain fractured 
basement rocks, as well as unconsolidated silt to silty sand26, it is 
unlikely to be found consistently across a basin-scale flow system. 
Inherently, this makes this specific model run the most favour-
able, and a fast oxidation time was expected. The ~1.06% of runs 
that returned oxidation times <250 Myr share several informative 
commonalities. All required dissolved O2 in excess of 1.2 mg l–1 
(compared to ~8 mg l–1 for fully oxygenated freshwater) and a per-
meability >2 × 10−13 m2 (compared to ~2 × 10−12 m2 for sandstone) 
(Fig. 3b) and a hydraulic gradient (topographic slope) greater than 
0.02 m m–1. Each of these parameters are near the upper end of  

their ranges (Table 1 and Fig. 3b), and the possibility of them  
co-existing over hundreds of kilometres is remote. Similarly,  
simulations requiring less than 2.45 Gyr to oxidize the iron require 
high permeability and dissolved O2 contents (Fig. 3b). Based on 
the results, we argue that dissolved O2 introduced via groundwater 
flow acting on a basin-scale is highly implausible, requiring fluxes, 
dissolved O2 concentrations, and permeability conditions that are 
unrealistically high. Furthermore, the inclusion of heterogeneities 
and/or anisotropy within the formation, and/or cross-formational 
leakage of water into other geological units, would greatly increase 
the time required to oxidize the formation.

Using parameters that are more representative of a large sedi-
mentary basin, regional permeability = 2×10−16 m2, hydraulic gradi-
ent = 0.003, dissolved oxygen = 0.1 mg l–1 and a formation with a total 
iron tonnage of ~1 × 1017 kg (Bekker et al.2), we ran a single simula-
tion for 250 Myr to estimate how much Fe(ii) could be oxidized and 
what the horizontal penetration depth would be (Supplementary 
Fig. 2). The chosen permeability and hydraulic gradient values are 
consistent with basin-scale observations from the well characterized 
Alberta sedimentary basin, which is of comparable size27. This simu-
lation demonstrated that, within the allotted 250 Myr, ~5.6 × 109 kg 
of Fe(ii) could be oxidized, equivalent to only a very small fraction 
of the mass of the BIF within the Hamersley Basin. This resulted in 
a uniform ‘penetration depth’ of 1.08 cm along the fault. Although  
it is known that areas of the basin were affected by supergene altera-
tion28, it is likely that these areas represent a unique set of conditions 
that do not apply to a basin that spans 100,000 km2.

Further considerations on BIF deposition
Although the hydrogeological model of McLellan et  al.29 might 
explain the alteration of BIF to ore bodies in some small, localized 
areas of the basin (for example, Brown et al.19), it is simply not fea-
sible to extrapolate to the entirety of the Hamersley Basin because 
the extent of alteration evoked in this model is significantly smaller. 
Although overpressure may drive fluid flow during orogenic uplift, 
the effects of alteration are likely to be restricted to within a few 
tens of kilometres around the area of deformation, and fluid flow 
is expected to dissipate over thousands to tens of thousands of 
years30–32. Moreover, the characteristic products of alteration, micro-
platy haematite and martite (haematite pseudomorphs that replace 
magnetite), are not pervasive across the Hamersley Basin33. It is 
also difficult to envision a strongly oxygenated groundwater source 
in the Palaeoproterozoic given the low levels of atmospheric pO2 
(<10−5 to <0.1 of present atmospheric levels) during the onset of the 
GOE34. The likelihood for penetration of oxygenated groundwater 
into fractures, and the translation of these fluids to depth is also 
unclear. In modern shelf sediments, oxygen only penetrates to a few 
centimetres in depth35, and groundwater also tends to fall towards 
reducing conditions36.

Aside from the hydrogeological considerations presented here, 
there are several arguments against the greenalite hypothesis. 
First, immediately after deposition, it would have been difficult for 
sediments to become exposed to oxygenated waters because the 
Palaeoproterozoic deep ocean was anoxic and ferruginous37,38. A 
general lack of Ce/Ce* anomalies in BIFs prior to 1.9 Ga indicates 
that seawater remained dominantly anoxic even after the GOE38. In 
areas of supergene alteration and ore formation, Ce anomalies may 
develop as a result of the alteration within the ore bodies, even if 
the precursor BIF lacked true negative Ce anomalies39. Further, if 
O2 had reached measurable concentrations at the seafloor, it would 
almost certainly have been consumed by the heterotrophic respira-
tion of organic matter and could not have penetrated the sediment. 
These considerations highlight the difficulty in postdepositionally 
oxidizing Fe(ii) immediately after the deposition at the sediment–
water interface before any potential regional and/or tectonically 
induced groundwater flow.
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Fig. 2 | Geometry of the Hamersley Basin BIF. a, Dimensions and water 
infiltration along the major axis mimic the generalized fault distribution  
in a simplified view of the Hamersley Province (not to scale)28,29.  
b, Boundary conditions for the hydrogeological box model, which assumes 
a homogeneous, isotropic media with impermeable boundaries on  
the top, bottom and two lateral faces (not to scale).

Table 1 | upper and lower limits for the parameters varied in 
hydrogeological box model simulations

Parameter Lower limit upper limit Number of 
steps

Percentage of iron mass 
(1017 kg) oxidized (%)

10 60 51

Permeability (m2)a 2 × 10−16 1 × 10−12 36

Hydraulic gradient (m m–1)b 0.001 0.1 19

Dissolved oxygen (mg l–1) 0.00008 8 109

The ranges selected encompass a wide set of possible conditions. aFrom McLellan et al.29. 
bAssumed.
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Second, the Turee Creek Group (2.45–2.22 Ga) was deposited 
immediately over the Hamersley Group in a conformable ~3.9 km 
succession3,40. Sedimentation of this package would not only have 
prevented subaerial exposure and the infiltration of meteorically 
derived fluids, but would have contributed to the compaction of 
the BIF sediments hosted in the underlying Hamersley Group. 
Given the high permeability (1 × 10−12 m2) required for the models  
to return oxidation times <250 Myr (Table 1 and Fig. 3), which 
are characteristic of unconsolidated fine-grained sands or silt26, 
the deposition of the Turee Creek Group represents a significant 
obstacle to maintaining the conditions necessary for the flow of 
oxygenated groundwater. Crucially, correlations of the Hamersley 
Group BIF to those of the Transvaal Supergroup indicate that  
these deposits may have originally been deposited within adjacent 
sub-basins1 (Supplementary Information). Therefore, any postde-
positional alteration would have had to affect both sub-basins in a 
similar manner over an even larger areal extent than considered in 
our model. By extension, similar postdepositional processes would 

be required to account for all the major BIFs deposited during  
the Archaean–Palaeoproterozoic transition, which include the 
Kursk Supergroup (Russia), Krivoy Rog Supergroup (Ukraine), 
Cauê Formation (Brazil), Benchmark Iron Formation (USA) and 
the Ruker Series (Antarctica). It is implausible that every basin 
would have had the hydrogeological conditions for greenalite to be 
oxidized postdepositionally by groundwater.

Third, Lake Superior-type BIFs like those of the Hamersley and 
Transvaal basins have characteristic millimetre-scale microbands 
and centimetre-scale mesobands2,11. McLellan et  al.29 proposed 
that infiltration of the heated, meteoric fluid would have obliter-
ated these layers, which would increase the permeability of the BIF 
units and thus facilitate oxidation as well as the emplacement of 
microplaty haematite. Although this process may be responsible for 
upgrading the initial BIF to ore bodies, it is unlikely to apply to for-
mations where millimetre- and centimetre-scale Fe- and silica-rich 
bands are characteristically preserved, such as in the Brockman Iron 
Formation, the quintessential BIF by which banding was defined41.

Fourth, the preservation of seawater-like rare earth element pat-
terns suggests that any fluid alteration occurred at low water-to-rock 
ratios42, and thereby requires either higher oxygen concentrations 
or longer timescales for the postdepositional oxidation of Fe(ii), 
both of which argue against the rapid postdepositional oxidation  
of a greenalite precursor. In ore bodies, supergene alteration leads  
to heavy rare earth element depletion, a geochemical character-
istic not typical of oxide, carbonate or silicate facies BIFs39. Other 
geochemical indicators, such as Fe- and Si-isotope heterogeneities,  
are also at odds with the large-scale obliteration of the primary  
mineralogy and suggest at least a partial oxidation of Fe(ii) in  
surface waters43,44 or that the primary Fe-bearing precipitate was  
an Fe(iii)–Si gel45.

Below we outline the possible origins for greenalite that  
decouple its formation from the water column. The precipitation  
of greenalite requires high Fe, high Si and a mildly alkaline pH. 
These factors can all be satisfied during early diagenesis within  
an HFO sediment pile. The Fe(iii) and silica are first delivered  
to the sediments as an HFO particle with silica adsorbed to its 
surface, that is, a water column Fe–Si shuttle46. The HFO is then 
reduced to dissolved Fe(ii) via dissimilatory iron reduction, which 
also generates mildly alkaline pH conditions via the reaction: 

+ ↔ + + +− + − −CH COO 8Fe(OH) 8Fe 2HCO 15OH 5H O3 3
2

3 2

The bicarbonate generated could form carbonates or be effluxed 
back to the water column. Similarly, a benthic Fe shuttle47 may 
explain the origins of greenalite, in which Fe(ii) is liberated from the 
HFO deposited on the shelf through dissimilatory iron reduction  
or reductive dissolution and transported either with groundwater 
or in the water column to localized environments where greenalite 
could precipitate. Another possibility is that greenalite formed in 
sediment pore waters through reverse weathering, a process recently 
proposed to act as a long-term climate and marine pH stabilizer in 
the absence of silica-secreting organisms48.

Finally, an alternative possible origin for greenalite is indicated 
by the greenalite-rich and chert-poor lithofacies in the shallow-
water deposits of the Transvaal Supergroup (Supplementary 
Information). A shallow water origin for greenalite is indicated by 
the increased textural evidence for wave reworking observed in the 
Westerberg Member and interbedding with granular iron forma-
tion49. Evaporation may have led to the supersaturation of Fe(ii) 
in restricted settings, in which Si concentrations were depressed 
due to chert precipitation in deeper water, which created condi-
tions favourable for greenalite precipitation. The greenalite could 
then be brought into BIF depositional basins by currents. Although 
silicate facies BIF may contain appreciable greenalite, this does  
not apply to the oxide facies BIF discussed here, where it is the  
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Fig. 3 | Distribution of simulation times for groundwater to oxidize the 
Hamersley Basin BIF. a, Normalized frequency for ~8.87% of 3,802,356 
total model runs that return oxidation times less than 2.45 Gyr. Red line 
marks the 250 Myr cut-off described in the text. Only ~1.06% of the 
model runs required less than 250 Myr to oxidize 10–60% of the BIF in 
the Hamersley Basin. b, Three-dimensional view of the simulation times. 
Red, simulations that require <250 Myr; yellow, simulations that require 
<2.45 Gyr; blue, simulations that require oxidation times greater than the 
age of the Hamersley Basin.
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exception. Critically, whether deposited as an early diagenetic 
pore-water phase or as a distinct phase formed in restricted envi-
ronments, it is highly probable that greenalite was not a precursor 
mineral phase to archetypal BIF deposition.

As demonstrated through realistic constraints and a simple 
box-modelling approach, the time required to postdepositionally 
oxidize an aerially extensive BIF is unreasonable. By contrast, the 
interpretation of an HFO precursor is consistent with the gener-
ally accepted involvement of either cyanobacteria or anoxygenic 
photoferrotrophs as the mechanism that underpins BIF deposi-
tion, as well as the trace element and isotope geochemistry of BIFs. 
Indeed, greenalite as the precursor mineral to BIFs would indicate 
an absence of oxidizing agents in seawater at 2.45 Ga, a concept dif-
ficult to accept given that this time corresponds to the rise of atmo-
spheric oxygen—the GOE. Although the localized precipitation of 
greenalite cannot be ruled out, results from this study suggest that 
the greenalite in oxide facies BIFs is more consistent with being an 
early diagenetic phase, rather than a primary depositional com-
ponent that necessitates a significant departure from our current 
understanding of Archaean–Palaeoproterozoic seawater chemistry.
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Methods
The proposed mechanism for the oxidation of greenalite in BIFs invoked by 
Rasmussen et al.12 utilizes a hydrogeological model29 in which meteorically derived, 
O2-bearing groundwater leads to the dissolution of silica layers and concurrent 
oxidation of the Fe(ii)-rich layers (Fig. 1c). In the previous model29, meteoric 
water infiltrated the Hamersley Basin BIF through fractures to a depth of ~2 km, 
with subsequent flow moving laterally along Fe(II)-rich strata over 10 km. This 
fluid flow is suggested to have occurred between 2.45 and 2.2 Ga, coincident to the 
Ophthalmian orogeny28,29.

Our model seeks to test whether pervasive groundwater flow could be a 
reasonable mechanism for the secondary oxidation of BIFs on a basin scale by 
employing a series of simulations to test whether the time required to introduce 
sufficient quantities of dissolved oxygen to oxidize a mass of Fe(ii) in the system is 
reasonable. We employed a simple box model because the first-order groundwater 
and mass transport conditions approximated by such a model must be plausible 
to justify pursuing a more complex numerical analysis, such as a coupled solute–
heat–groundwater flow model. As demonstrated below, a more detailed model  
was not necessary.

To determine whether a simulation was successful, the calculated time to 
introduce sufficient quantities of oxygen to oxidize the amount of Fe(ii) considered 
had to be equal to, or less than, 250 Myr, the amount of time between deposition 
and the 2.2 Ga Ophthalmian orogeny, a critical event for the postdepositional 
oxidation of these BIF units28,29. Taking a broader view, 2.45 Gyr was used as 
a secondary cutoff as this corresponds to the minimum age of the BIF in the 
Hamersley Basin25. Based on the spatial distribution of the basin28,29, we simplified 
the geometry of the Hamersley Basin to a rectangular prism, with a width of 
500 km, a length of 200 km and a total thickness of 2.5 km (Fig. 2a). Based on  
the stratigraphy of the Palaeoproterozoic Hamersley Basin, we conservatively 
estimated that the iron-rich layers may be represented by a thickness of ~350 m  
and simplified our box model accordingly (Fig. 2b); at a constant density, this 
resulted in a total tonnage at least 1017 kg (ref. 2). We assumed that the water 
flowed into the formation from the southern edge via the major faults within the 
formation (Fig. 2a). Under the idealized conditions for model success, the fault was 
assumed to be uniform, continuous, fully penetrating and delivered a constant flow 
of water. Flow and transport were assumed to be horizontal and one-dimensional. 
The formation was assumed to be a homogeneous and isotropic mass of Fe(ii), 
with impermeable boundaries on the top, bottom and two side faces (Fig. 2b).  
An instantaneous reaction whereby 1 mol of O2 oxidizes 4 mol of Fe(ii) was also 
used. The flow calculations were based on Darcy’s Law:

=Q KA h
x

d
d

(1)

where Q is the volumetric flow rate (L3 T–1) (L, length; T, time), K is the hydraulic 
conductivity (L T–1), A is the cross-sectional area (L2) and dh/dx is the hydraulic 
gradient (L L–1). The hydraulic gradient for this basin was unknown and so was 
varied in the simulations. The lower limit was constrained based on typical 
topographic gradients found in geological basins27 and varied between 0.001 and 
0.1 m m–1 (Table 1). The hydraulic conductivity of the formation was calculated 
from the permeability of the formation29 based on the relationship:

ρ
μ

=K k
g

(2)

where k is the permeability (L2), ρ is the density of water (assumed to be 
1,000 kg m–3), g is the acceleration due to gravity (assumed to be 9.81 m s–2) and μ is 
the viscosity of water (assumed to be 1 × 10−3 Pa s). Permeability was varied between 
2 × 10−16 and 1 × 10−12 m2 (Table 1), which represents a reasonable subset of the 
range examined by McLellan et al.29.

A key unknown parameter is the concentration of dissolved oxygen in the 
water. Using Henry’s Law as a guide, and correcting for the effect of temperature50 
and the abundance of oxygen in the atmosphere at the time34, we determined  
that a realistic range of dissolved oxygen could be between 8 mg l–1 (modern 
freshwater exposed to the atmosphere) and 0.00008 mg l–1 (concentrations in 
equilibrium with the atmosphere just prior to the GOE, assuming atmospheric 
O2 levels of 10–5 times present) (Table 1). The concentration of dissolved oxygen 
introduced into the formation was assumed to be constant throughout a 
simulation. We calculated the time necessary to oxidize between 10 and 60%  
of the 1017 kg of Fe, as BIFs have an average oxidation state of Fe2.4+ when both 
the ferrous and ferric phases are considered51, but have undergone some level of 
dissimilatory iron reduction; this represents only a fraction of the total mass of  
the Hamersley Basin2,11.

First, we calculated the flux of water through the BIF for a range of hydraulic 
gradients and permeabilities, as outlined in Table 1. We then calculated the time 
needed to introduce a sufficient flux of oxygen to oxidize the requisite amount of 
Fe(ii) given a range of CDO (Table 1). By varying these four parameters through 
their respective ranges, 3,802,356 permutations were considered in our box model.

Knowing the volumetric flow rate Q into the formation, the mass of Fe in the 
system, and assuming CDO (M L–3) (M, mass), we then determined the mass flow 
rate of oxygen (M T–1) by equation (3) and the reaction time t (T) by equation (4):

̇ =M QC (3)DO

= ̇t m
M

(4)

Where m is the mass of oxygen required to oxidize the Fe in the system (M). 
Knowing the mass of iron in the system2, we calculated the time (t) required to 
oxidize that mass (m) using the calculated mass flow rate (Ṁ) of oxygen.
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code availability
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values that underlie the calculations are described in detail in Methods.
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