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Abstract: Oxidation of iron-rich rock is known to generate H2 in oceanic as well as in continental
domains. Here we tested the possibility of H2 generation as the result of weathering of banded iron
formations (BIF). The BIF constitute more than 60% of global iron ore reserves with low Fe3+/Fetot

and total Fe ranging from 20 to 40 wt% and are therefore good candidates for H2 production potential.
In the vicinity of BIF-hosted iron mines in Australia, Brazil and South Africa, satellite imaging has
revealed the presence of sub-circular depressions that usually are the proxy of H2-emitting features.
A morphological comparison of the sub-circular depressions with the ones observed in previous
studies point to probable H2 seeping in these areas. In parallel, a petrological study conducted on
altered and fresh BIF samples from the Hamersley Province in Western Australia also suggests H2

generation during BIF weathering. Indeed, mineral transitions from ferrous silicate (riebeckite and/or
minnesotaite) to ferric iron oxi-hydroxides (goethite) or from ferrous and ferric oxides (magnetite)
to exclusively ferric oxides (maghemite, hematite, goethite) were observed on the samples. The
oxidation of ferrous iron by aqueous fluids circulating through and leaching the BIF is promising for
H2 generation. The BIF weathering profile suggests that the limiting factor is the presence of water,
and that this reaction is happening at, or near, surface temperature. This challenges the idea that
high temperatures are required to generate H2 as it is the case during the serpentinization. The link
between BIF and H2 will have however to be further investigated to better constrain the reactions
and their kinetics.

Keywords: natural hydrogen; banded iron formation; iron mine; Australia; South-Africa

1. Introduction
1.1. Global Context

Ongoing ecological transition and society’s decarbonization have pushed dihydrogen
(H2) under the spotlight, as it has the desired qualities to be a clean energy source, and
especially a clean fuel, as it emits no CO2 during combustion and it has a high calorific
power [1,2]. The demand for H2 to play a role in the energy mix of tomorrow is high,
and almost all countries have now a hydrogen road map. However, H2 is currently
mainly produced by polluting processes and used as raw material. Its green mobility is
only starting and, as such, natural H2 as an energy source or vector is becoming more
investigated.

First described at the end of the 1970’s offshore along the mid-oceanic ridges, H2
emissions in an oceanic context have been abundantly studied for 40 years [3–5]. The
serpentinization process is consequently well known, leading to the oxidation of Fe2+

contained in ferromagnesian minerals found in oceanic lithosphere associated with the
reduction of water leading to H2 generation.
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In the past decade, studies revealed that H2 emissions also occur in a continental con-
text and have been described on wells [6,7] or seeps at the ground level [8–10], especially
in intracratonic areas [11–14]. There are numerous proposed sources of H2, and the more
studied ones are (1) iron oxidation and water reduction, (2) radiolysis, (3) radio-mechanical
and (4) primordial H2. Because (1) is the more accepted mechanism leading to H2 genera-
tion, targeting Fe-rich lithologies that could be oxidized can be a good proxy to look for
H2-releasing zones in continental domains.

1.2. An Iron Rich Facies: The Banded Iron Formations

Banded Iron Formations (BIF) are Precambrian sedimentary rocks of marine origin,
present in cratonic areas found in all continents [15,16]. Radiochronologic dating showed
that they formed during two periods in Earth’s history: 3500–1800 My (Archean and mainly
Proterozoic) and 900–500 My (Neoproterozoic) [17]. It is generally accepted that they precip-
itated from ferrous iron previously dissolved in oceanic waters as Fe2+(aq) and transformed
in Fe3+ by cyanobacteria producing oxygen or via photoferritroph organisms [18]. For the
Neoproterozoic BIF, the precipitation might be related to the oxygenation of oceans during
interglacier cycles of the Snowball Earth, after long times of anoxia created by the covering
of oceans by ice [19].

Today, BIF constitute the biggest iron ore reserves, with the presence of both ferric
and ferrous iron, reaching more than 60% of global iron reserves on Earth [20]. Currently,
metallurgy compagnies mostly extract iron from BIF (about 90% of total iron production)
as in Australia, Brazil, China or India among others. They focus on BIF-hosted ores, where
iron content is higher (up to 68 wt%; [21]) and exclusively ferric. In parallel, the iron content
in non-weathered BIF is lower (from 20 to 40 wt%; [22]) but highly ferrous and thus appears
very promising for H2 generation by redox reaction.

1.3. Proxy of H2 Emanations: Sub-Circular Depressions

Sub-circular depressions (SCD), also called “fairy circles” [12], have been described
on the surface of unconsolidated sedimentary layer, covering a much older basement of
Precambrian origin. In some cases, the presence of H2 in these SCD have been proven and
we will hence call them P_H2_SCD. In other cases, the presence of H2 has not been proven
yet and we will hence just call them SCD. So far, assumptions have been made that these
features represent the morphological expression in the landscape of a deeper on-going H2
generation or leakage, even if these features and the related H2 emissions can vary in space
and time [23,24].

Over the past 10 years, works in continental domain have focused on these SCD-
emitting H2, which are now observed worldwide, and P_H2_SCD has been described
in the North American [10], Russian [25], Brazilian [9,13] and Western Australian cra-
tons [12,26,27]. A statistical work based on SCD in Russia, Australia and Brazil showed
that they can be discriminated from other circular depressions such as karstic features by
studying their morphology [12]. Other features, characterized by a rather circular gap of
vegetation and also called fairy circles, have been described in Namibia [28], but they are
flat and often smaller and so can be differentiated from the gas emitting structures.

Thus, the mapping of the SCD is valuable to track the emissions of H2 and start an
exploration process through a remote sensing survey of the basins. The spatial correlation
between the high density of the SCD and Archean or Neoproterozoic cratons has also been
noticed by previous authors [12] (Figure 1) and raises the question of the origins of H2
emissions in intracratonic areas.
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Figure 1. World map of the Precambrian cratons and locations of the study areas. Dark grey
corresponds to Precambrian cratons.

1.4. Aim of the Study

In this paper, we explore a possible source rock type for H2 generation in cratonic
areas: reduction of water during oxidation of ferrous minerals in BIF. We focus here on three
areas located in Australia, Brazil and South Africa, and two complementary approaches
are used to characterize the link between H2 releases and BIF.

At a large scale, a spatial correlation study is conducted on the presence of sub-circular
depressions mapped in the vicinity of iron mines or outcropping BIF in the areas of interest
(Figure 1), based on satellite imaging. Their characteristics in terms of size and footprint are
compared with those of the P_H2_SCD with measured H2 emanations published previously
in Australia, Brazil and Russia [12].

Secondly, the potential for H2 production through BIF oxidation is evaluated. To do so,
available data in literature are discussed, and results of our petrological study conducted
on BIF samples from Australia are presented. The possibility to have an oxidation and
therefore H2 production near the surface, involving very low temperature of generation,
will be discussed.

2. Study Locations and Geological Settings
2.1. Australia

Australia is subdivided into three major Precambrian cratonic units, respectively: the
North Australian Craton, West Australian Craton and South Australian Craton (Figure 2).
Older terranes such as Yilgarn, Pilbara or Gawler are assumed to have collided from 1800
to 1100 Ma during the make-up of Rodinia and resulted in the formation of Proterozoic
orogenesis terranes. During the late Proterozoic, several rifting cycles associated with the
break-up of the supercontinent resulted in the formation of Proterozoic basins such as
Adelaide [29,30]. Nowadays, these cratons constitute the basement, outcropping or covered
by younger layers of Phanerozoic ages. They contain a diversity of rocks, from sedimentary
to igneous intrusive and extrusive. These rocks constitute a vast reservoir of raw material,
including rare earth elements, gold or iron ore. The latter is mined in BIF-hosted iron ores,
mainly in Western Australia, making Australia the first iron ore producer worldwide.
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Figure 2. Simplified geological map of Australia and locations of the study areas from previous
authors [12,27] and in this paper. Pink triangles represent the SCD areas and the studied BIF are
from Hamersley.

The presence of H2 in wells have been noticed in Australia for almost one cen-
tury [31,32]. More recently, numerous SCD have been noticed in Western and Central
Australia, probably indicating H2 seepage [12,26]. These depressions are occurring at the
top of sedimentary layers and span all over Precambrian cratons, as shown in blue in
Figure 2. A previous study consisted in mapping hundreds of circular structures on five
different locations (Serpentine Area (Perth Basin), Pingrup Area, Esperance Area, Yorke
Peninsula, Kangaroo Island) [12] in order to compare them to areas of proven H2 ema-
nations such as Russia and Brazil [9,25]. Lately, field acquisitions in the Yilgarn Craton
confirmed H2 emissions above SCD in the Perth area, hence proving that the proxy is
relevant [27]. In addition, H2 has been sampled in the Frog’s Leg Gold mine of the Yilgarn
Craton as well as CH4, likely due to H2/CO2 interaction according to the isotope data [33].

2.2. South Africa

South Africa has a long and complex geological history. A structural sketch is pre-
sented in Figure 3. The north-eastern part is constituted of an Archean basement, the
Kaapvaal Craton, dated back to Eoarchean with estimated ages of 3600 My [34]. The
rocks consist mainly in granite, greenstone belts and metamorphic rocks. This basement
is sometimes outcropping or could be capped by younger Proterozoic layers, made up
of dolomite, conglomerate, silt quartzite and banded irons formations and sometimes
intercalated by basic volcanic events. This sedimentary series is subdivided into three super
groups: Witwatersrand, Ventersdorp and Transvaal. In the Bushveld District, a large basic
intrusive complex is known to have set up around 2060 My [35] and is considered to be
one of the richest mineral deposits on the planet in terms of the platinum group metals. In
the south, the E-W Namaqua-Natal Belt surrounds the Kaapvaal Craton. It is a Proterozoic
terrane accreted to the Kalahari Craton at around 1200 My [36]. It is now capped for its
major part by Phanerozoic sedimentary rocks of the Karoo Supergroup but still outcrops
in the western part of the country. Finally, the Karoo Gp, dated from Carboniferous to
Jurassic, are spread over a large part of the country and largely cover the Namaqua-Natal
Belt and the southern part of the Kaapvaal Craton. These rocks are essentially detrital.
Nowadays, iron is largely exploited in South Africa, where Fe-rich lithologies are outcrop-
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ping. Iron mines are mainly located in Archean and Proterozoic terranes, in areas where BIF
are numerous.
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For now, no work has been yet dedicated to explore H2-emitting SCD in South Africa,
but few works already pointed out the presence of H2 emissions in South Africa, located
within Proterozoic terranes and near iron mines [11].

2.3. Brazil

The São Francisco Basin is one of the several Proterozoic basins in Brazil (Figure 4).
It is N–S oriented, bounded by two orogenic belts and corresponds to a double foreland
basin with the Brasilia Belt westward and the Araçuai Belt eastward. Both were created
during the Brazilian Orogeny, at the end of the Proterozoic. The stratigraphic column in the
São Francisco Basin includes rocks from Archean metamorphic basement (>1800 My) that
can reach up to 7 km in thickness and ends with the Neoproterozoic Tres Maria Formation
(576 Ma) of the Bambui Group [37]. The region is rich in BIF, and many iron ore mines are
active particularly in the Quadrilatero Ferrifero. These BIF, while not outcropping, are also
very likely present underground, since large magnetic anomalies have been recognized
near the area where H2 is naturally escaping [37].

Hundreds of SCD have been observed and mapped in this basin, and some of them
have already been monitored, displaying H2 emissions overpassing 600 kg/day/structure
(zone 1, 2 and 3 in Figure 4) [9,13].
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ones are unpublished data.

2.4. BIF and Relationship between These 3 Cratonic Areas

The three cratonic areas correspond to old Precambrian rocks (São Francisco in Brazil,
Kaapvaal in South Africa and Pilbara and Yilgarn in Western Australia) preserved from
tectonics through the ages and host in consequence massive BIF. Fresh BIF from these
three areas exhibit a standard Precambrian BIF chemistry with SiO2 from 34 to 56 wt%
and total Fe content from 20 to 40 wt% with Fe3+/Fetot ranging from 0.05 to 0.58. Mi-
nor elements such as CaO and MgO are found below 10 wt%, while MnO or Al2O3 are
found below 2 wt%. The minerals found are mainly quartz, Fe oxides (magnetite and
hematite), Fe silicates (riebeckite, greenalite, stilpnomelane) and Fe carbonates (siderite,
ankerite), with a variability depending on the starting bulk chemical composition and the
metamorphism undergone [22]. Sometimes, BIF have been enriched by low temperature
processes involving the oxidation of Fe2+ into Fe3+ and hydration with total Fe content
around 58–65 wt% for Australian BIF-hosted iron ores [21,38]. The primary minerals such
as magnetite are martitised (oxidized into hematite) and carbonate, silicates and quartz are
replaced by goethite. In the literature, this oxidative mechanism of BIF reaching the surface
has been identified for long ([16] and references therein), but it is not known if it has been
accompanied by H2 generation.

3. Rounded Depressions in BIF Rich Areas
3.1. Rounded Depressions Related to Gas Escape

Previous works have emphasized the similarities between the size, expressed in
equivalent diameters, the size distribution and the depth/diameter ratios of the P_H2_SCD
worldwide. The distributions are usually unimodal, with mean equivalent diameters
ranging from tens to few hundreds of meters, respectively 276, 302 and 178 m on average
in the three studied zones in Brazil and 262 m in Russia [12]. In all these areas, the presence
of H2 is proven and has been measured by gas detectors. The depth/diameter ratio has
been established to be a major characteristic of P_H2_SCD, always falling around 1% [12].
The slope of these depressions is also a characteristic that allows to discriminate them from
dolines, usually displaying, at least locally, high slopes over 20◦ [12].
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Some of the SCD mapped in this work in the vicinity of the BIF-hosted iron mines are
presented Figure 5 together with P_H2_SCD from Brazil and Western Australia.

Minerals 2022, 12, x FOR PEER REVIEW 7 of 29 
 

 

of H2 is proven and has been measured by gas detectors. The depth/diameter ratio has 

been established to be a major characteristic of P_H2_SCD, always falling around 1% [12]. 

The slope of these depressions is also a characteristic that allows to discriminate them 

from dolines, usually displaying, at least locally, high slopes over 20° [12]. 

Some of the SCD mapped in this work in the vicinity of the BIF-hosted iron mines 

are presented Figure 5 together with P_H2_SCD from Brazil and Western Australia 

 

Figure 5. Sub-Circular Depression observed from aerial photographs. (a) In the Mina Gerais in Brazil, H2 values in the soil 

could be found in [9,13]. (b) Near the Koolyanobbing BIF mines in Australia, the border of the mine is visible in the upper-

right corner; see location Figure 2. (c) SCD in South Africa, area n°4, see location Figure 3. (d) P_H2_SCD northward from 

Perth; H2 contents have been published by [27]. 

In the literature, topographic depressions in the landscape have already been men-

tioned above BIF layers. Authors have explained it by the leaching-induced dissolution of 

mobile elements in BIF creating underground cavities that make the soil above collapse 

[39]. These related depressions are highly irregular in shape and hence do not match with 

the rounded features presented in this work, making them unlikely to be related to such 

collapsing phenomenon. Nonetheless, a statistical study on their morphology might help 

to determine whether they are likely H2-emitting SCD. 

3.2. Presence of SCD around the BIF Mines 

SCD are now recognized as a good proxy for natural H2 exploration. Using the pres-

ence of iron mines and especially BIF-hosted iron mines as an indication of potential H2 

generation sites, aerial photos from South Africa and Western Australia were analyzed. 

These two regions, as well as the São Francisco Basin in Brazil, which had been previously 

studied, show an apparent spatial correlation between BIF and the rounded features. In 

Australia we explore a new site (Australia_1) located within the Archean Yilgarn craton 

in Western Australia (Figure 2), rich in SCDs that directly surround the operating 

Koolyanobbing BIF-hosted iron mine, as shown in Figure 6. In South-Africa, we analyze 

four sites of interest from the Kaapvaal Craton (see 1, 2, 3, 4 in Figure 3), exhibiting sub-

circular structures in the vicinity of operating BIF-hosted iron mines. The first site 

(South_Africa_1) is directly located tens of meters away from the Kolomela mine, as 

shown in Figure 7. The second and the third ones (South_Africa_2 and South_Africa_3) 

are located tens of kilometers away from active BIF-hosted iron mines. The fourth one 

(South_Africa_4) is located on top of the Phanerozoic sedimentary layer, a hundred kilo-

meters away from the closer active BIF-hosted iron mine, but the presence of BIF below 

the sedimentary layers is possible. 
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In the literature, topographic depressions in the landscape have already been men-
tioned above BIF layers. Authors have explained it by the leaching-induced dissolution of
mobile elements in BIF creating underground cavities that make the soil above collapse [39].
These related depressions are highly irregular in shape and hence do not match with the
rounded features presented in this work, making them unlikely to be related to such col-
lapsing phenomenon. Nonetheless, a statistical study on their morphology might help to
determine whether they are likely H2-emitting SCD.

3.2. Presence of SCD around the BIF Mines

SCD are now recognized as a good proxy for natural H2 exploration. Using the pres-
ence of iron mines and especially BIF-hosted iron mines as an indication of potential H2
generation sites, aerial photos from South Africa and Western Australia were analyzed.
These two regions, as well as the São Francisco Basin in Brazil, which had been previously
studied, show an apparent spatial correlation between BIF and the rounded features. In
Australia we explore a new site (Australia_1) located within the Archean Yilgarn craton in
Western Australia (Figure 2), rich in SCDs that directly surround the operating Koolyanob-
bing BIF-hosted iron mine, as shown in Figure 6. In South-Africa, we analyze four sites
of interest from the Kaapvaal Craton (see 1, 2, 3, 4 in Figure 3), exhibiting sub-circular
structures in the vicinity of operating BIF-hosted iron mines. The first site (South_Africa_1)
is directly located tens of meters away from the Kolomela mine, as shown in Figure 7.
The second and the third ones (South_Africa_2 and South_Africa_3) are located tens of
kilometers away from active BIF-hosted iron mines. The fourth one (South_Africa_4) is
located on top of the Phanerozoic sedimentary layer, a hundred kilometers away from the
closer active BIF-hosted iron mine, but the presence of BIF below the sedimentary layers
is possible.

Finally, in Brazil, we focus on the rounded structures that displayed H2 emissions in
previous studies (see 1, 2 and 3 in Figure 4). They are located few hundreds of kilometers
away from the outcropping BIF of the Quadrilatero Ferrifero. However, as suggested by
the magnetic anomaly described in the vicinity of the P_H2_SCD [37,40], the presence of
buried BIF below the P_H2_SCD should not be disregarded.
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Figure 6. (a) Aerial photo of Koolyanobbing mine (Australia, see location Figure 2) and its SCD
high-lighted in blue. (b) Zoom on the black rectangle in (a), showing SCD located around the
mine pits.
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Figure 7. (a) SCD mapped (in yellow) in the South_Africa_1 zone in the vicinity of the Kolomela mine
(see location Figure 4). The intensity of the reddish color corresponds to the number of depressions
per surface unit. The grayish spots are the pits and other human facilities. (b) Zoom in on the
Kolomela mine and its surroundings with SCD highlighted in blue.

3.3. Statistics on SCD around BIF Mines in Australia and South Africa

As previously stated, the statistics on the H2 emitting structures have emphasized
the similarities between the size, the size distribution and the depth of the P_H2_SCD
worldwide [12]. The SCD areas recognized by this proxy in Western Australia has then
been proven to emit H2 [27], so the same analyses have been carried out for the five new
areas from South Africa and Australia where BIF are outcropping or suspected in the
subsurface. The characteristics of each area are reported in Table 1 and Figure 8.

Table 1. Characteristics of the five new mapped areas in South Africa and Australia.

SCD South_Africa_1 South_Africa_2 South_Africa_3 South_Africa_4 Australia_1

Nb of mapped structures 624 792 866 486 612
Min. equiv. diameter (m) 8 19 22 35 45
Max. equiv. diameter (m) 437 856 2961 2633 12,784
Mean equiv. diameter (m) 67 98 346 476 407

Median equiv. diameter (m) 59 88 187 412 200
Depth/diameter 0.017 0.019 0.005 0.014 0.013
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Figure 8. Size distribution of the SCD expressed as equivalent diameter (m) for five new areas in
South Africa and Australia.

The distribution of feature sizes expressed in the equivalent diameter is provided in
Figure 8. Except for South_Africa_1 and South_Africa_2, it is interesting to point out that
median equivalent diameter values are far from mean equivalent diameter values. It can be
explained by the high number of features exceeding 1400 m of equivalent diameter for these
three areas (24 for South_Africa_3; 12 for South_Africa_4; 21 for Australia_1) that increase
the mean diameter. This might reflect the merging of several depressions with time.

3.4. Comparison with the SCD Distributions of the São Francisco Basin
3.4.1. SCD Sizes

The size distribution of the mapped depressions in Australia and South Africa is
compared in Figure 9 with the Brazilian depressions where H2 has already been detected.
For a better comparison, the size distribution of each area has been normalized to the class
presenting the higher number of features. The Figure shows that many areas in different
regions exhibit a very similar pattern (South_Africa_1, South_Africa_2, South_Africa_3,
Australia_1 and Brazil_3) with a unimodal distribution and a rather small modal size
(0–200 m equivalent diameter), even if the dispersion can vary from one to another area.
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On the contrary, three other sites (South_Africa_4, Brazil_1 and Brazil_2) show a larger
spectrum of size distributions. Brazil_1 and Brazil_2 exhibit a barely unimodal distribution
with much higher sizes and dispersion, while South_Africa_4 shows a large spectrum but
almost no small structures.
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Figure 9. Comparison of normalized size distribution of the mapped depressions from South Africa
and Australia with the proven zones of H2 emissions in São Francisco, Brazil. (a) Distributions with
similar unimodal distribution: a small median and average value around 100 m. (b) Distributions
with larger spectrum and mean values above 200 m.

From these graphs, it is tempting to consider the unimodal distribution as a charac-
teristic pattern and the range 0–200 m as the characteristic equivalent diameter size of the
SCD, while the wider distributions around larger average values might correspond to a set
of initial and merged depressions explaining the high variability in features sizes. Brazil_1,
which exhibits an intermediate pattern, might be a transitionary stage.

The relationship between the depth of the H2 generation and the size of the SCD is
not direct, as it also depends on many parameters, such as the micro-organism activity
(that consumes the H2) or the relative permeability of the soil (that influences the speed
of the transport toward the surface) [24]. Nonetheless, knowing that South_Africa_1,
South_Africa_2, South_Africa_3 and Australia_1 are located very close to iron mines, we
consider the unimodal distribution as well as the range 0–200 m of equivalent diameter
as a characteristic pattern for SCD originated from a shallow depth H2 and spread out
generation zone, matching with water–BIF interactions. At the same time, the uncertain
patterns with the high variability of South_Africa_4, Brazil_1 and Brazil_2, located further to
the mines, might correspond to merged fairy circles originating from deeper H2 generation
that complexify the signal at the surface. However, the dynamics of H2 migration upward
in Australia and South Africa have to be further studied, as it has been realized in São
Francisco with the characterization of microorganisms [23] that consume the H2.

3.4.2. SCD Depths

It has been noted on the previous studies of P_H2_SCD that the morphology of the
depression, size/depth ratio and slope may help to discriminate them from dolines and
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other depressions related to karst systems [12]. In Brazil and Russia, this ratio was around
1%. Figure 10 shows very similar ratios for the five new studied zones in South Africa and
Australia, with ratios between the depth and equivalent diameters between 0.5% and 2%.
This result infers probable H2 emissions at these SCD, which need now to be monitored
in-situ.
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4. BIF Potential for H2 Production: Case Study of Australian Samples
4.1. Geological Context and Sampling

We showed the presence of sub-circular depressions in the vicinity of BIF-hosted
iron mines, inferring that BIF could be involved in H2 generation. As fresh BIF-host
important quantities of ferrous iron (Fetot from 20 to 40 wt% and Fe3+/Fetot from 0.05 to
0.58) [22], they can indeed theoretically produce H2 by oxidation via water alteration. These
undirect elements need to be further investigated and the relationship between BIF and H2
constrained unambiguously.

A petrological study was conducted on natural samples coming from Hamersley
Province in Western Australia (Figure 2). The Hamersley Group is a Precambrian (2600–
2450 My) marine deposit of 2.5 km thickness lying horizontally or with a northward low
dip, over 40,000 km2 in the Pilbara Craton. It is divided into eight formations consisting in
BIF, shales, carbonates and volcanics [41]. Among these formations, the Brockman Forma-
tion constitutes the major iron ore reserve, especially the Dales Gorge Member, which is
mined in areas such as in Mt Tom Price (22.75◦ S, 117.77◦ E). For the Dales Gorge Member,
studies conducted on fresh BIF revealed low greenschist facies metamorphism throughout
the province and a lateral continuity in chemical composition as well as microbands and
macrobands thicknesses [42]. Mineral analyses highlighted the presence of ferrous BIF min-
erals corresponding to low-grade metamorphism [22]. In the Dales Gorge Member, siderite
is the main carbonates, while stilpnomelane and minnesotaite are the major silicates [42,43].

For this study, three samples were selected in the Hamersley Province (Figure 2) and
are presented in Figure 11. One fresh sample (hereafter referred as BIF1) was selected from
a diamond core from the Dales Gorge Member (Brockman Formation) at a depth of 100 m
near Mt Tom Price. It is approximately 15 cm high and constituted of alternate bands of
similar thickness, around 2–3 cm. In the lower part, they are light red (B1A) and dark red



Minerals 2022, 12, 163 12 of 28

(B1B), while on the upper part the bands are dark grey (B1C) and light grey (B1D). At a
macroscale, some bands appear heterogeneous and exhibit alternates of sub-millimetric
levels, such as the B1A band. The sample is highly cohesive and does not show massive
surficial alteration features, which is in agreement with the depth of sampling. Two other
samples (BIF2 et BIF3) were sampled at the surface near Newman, from Bruno’s Band
(Sylvia Formation) and Dales Gorge member, respectively. The BIF2 size is approximately
15 cm, and the banding is more complex than on BIF1. On the lower part (B2B), the bands
of variable sizes, from few millimeters to 1 cm, are white and grey-reddish, with even
smaller grey-reddish levels slightly visible in some white bands. At band interfaces, the
reddish color is often reinforced. On the upper part (B2A), the sample turns into orange,
and the banding becomes hardly visible. The BIF3 is approximately 20 cm high. In the
lower part (B3C), the banding is very expressed with alternate bands of dark grey and
white color, ranging from a few millimeters to 1 cm. In the medium and upper parts (B3B
and B3A), the banding is essentially made up of sub-millimetric with minor millimetric or
centimetric levels. Although some bands still are whitish or dark grey, the dominant color
is orange. BIF2 and BIF3 samples are more friable and brittle. We also observe an orange
color zonation from the bottom to the top of the samples, suggesting a surficial alteration.
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Figure 11. Studied samples from Hamersley Province, Western Australia. They are segmented in
different zones. The names on the right of the samples correspond to the powders analyzed. White
circles correspond to microscopic observations presented in Figures 13–15.

4.2. Methods

Sample preparation—To represent the variability within the rock, samples were seg-
mented in different zones mainly on the criteria of color and homogeneity. Then, the
samples from each zone were manually powdered in an agate mortar and sieved to obtain
a grain size below 100 µm. Two sub-samples per zone were produced to undertake min-
eral and chemical characterization. In parallel, thin sections (30 µm thick) crossing each
zone of interest were also made (LMV, Clermont-Ferrand) for a petrographic study at the
microscopic scale.

X-ray diffraction—Mineralogical compositions of the powders were obtained by con-
ducting X-ray diffraction analysis using a D2 Phaser from Brucker (LFCR, Pau). The CuKα

radiation at 30 kV and 10 mA and the SSD160 detector were used. A time step of 0.2 s
counting time per step and a 0.02 2θ step between 5 and 80◦ with 30 trs/min were used for
measurements.
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Optical Emission Spectroscopy by Inductively Coupled Plasma (ICP-OES)—Analyses
of bulk compositions through major and minor element contents were conducted on the
powders by the SARM (CRPG, Nancy), using ICP-OES on an iCap 6500 (ThermoFischer
Scientific). It must be noted that the Fe content is expressed as Fe2O3, even if samples
contain Fe2+. Considering the high levels of SiO2 and Fe2O3 in the samples, the given
uncertainty for these components is lower than 2 wt%. As far as the minor elements are
concerned (Al2O3, MnO, MgO, CaO, Na2O, K2O, TiO2 et P2O5), the given uncertainty is
between 10 and 20%. The volatile content in the sample is given by the loss on ignition.
Each analysis was repeated twice.

57Fe Mössbauer spectroscopy—To complete the ICP-OES analyses and determine iron
speciation in the samples, 500 µg of each powder was analyzed with a constant acceleration
Halder-type spectrometer (ICMCB, Bordeaux) equipped with a 57Co radioactive source (em-
bedded in a Rh matrix), which was maintained at 293 K. The spectrometer was calibrated
using a pure α-Fe0 foil as an external reference. All spectra were recorded in transmission
geometry at ambient temperature. The Mössbauer hyperfine parameters and the relative
areas of each component were refined with the WinNormos software (Wissenschaftliche
Elektronik GmbH). Two analyses were made per powder, and each analysis lasted about
1 day. The given uncertainty is 3%.

Optical and electron microscopy—An optical study was performed using a Nikon
Eclipse LV10ND microscope. The nature of the samples (rich in opaque iron oxides)
required a work under both transmitted and reflected lights. Scanning electron microscopy
(SEM) was also performed on the thin sections coated with 20 nm of carbon, using the SEM
ZEISS Supra 55 VP (ISTeP, Paris, France). Imaging was realized using an electron beam at 15
keV and an AsB detector. Some EDS spectra were also acquired to get the semi-quantitative
chemical composition of the phases.

4.3. Results
4.3.1. Samples Composition

• Iron content and speciation

Iron content and speciation results are provided in Table 2. All Mössbauer and ICP-
OES data are available in Appendices A and B. For the fresh sample (BIF1), the different
bands that have been analyzed exhibit similar total Fe content ranging from 11.78 wt% (B1A)
to 15.12 wt% (B1B), except for one band that carries much more total Fe with 56.83 wt%
(B1C). This high variability is characteristic of BIF facies with iron quartz rich bands and
iron oxide rich bands. Iron occurs in both oxides/oxi-hydroxide and silicate minerals. Fe3+

is always carried by iron oxides/oxi-hydroxides, mainly hematite between 30% (B1D) and
76% (B1B) and magnetite (Fe3+

tetrahedral + 1/2 Fe2+/3+
octahedral) between approximately 10%

(B1B) and 44% (B1C). Fe2+ is carried by oxides and silicates to a lesser extent, with Fe2+

content in magnetite (1/2 Fe2+/3+
octahedral) and silicates reaching, respectively, 20% (B1C)

and 6% (B1A) of Fetot. It is interesting to note that Fe-silicates have only been detected in
B1A, B1B and B1D: the quartz rich bands (where total Fe content is lower). This can be
explained by the very high content of iron oxide in B1C that hide the Fe-silicate signal during
Mössbauer analyses. Because many Fe2+ silicates have similar Mössbauer parameters, the
nature of Fe2+ silicates in B1A, B1B and B1D cannot be determined unambiguously, even
more if it consists in a mix of different silicate species. Nonetheless, Mössbauer parameters
for Fe2+ silicates in this samples match Mössbauer parameters of both stilpnomelane and
minnesotaite [43,44]. Finally, the calculated Fe3+/Fetot ratios are high in this sample and
exhibit a bimodal variability with B1A and B1B ratios of 0.90 and 0.96, respectively, whereas
B1C and B1D ratios are 0.81 and 0.79. This bimodal variability with a higher oxidation in
B1A and B1B matches the preferential presence of Fe3+-hydroxides (ferrihydrite, goethite,
lepidocrocite) in these bands as well as the reddish color of the lower part of the BIF1
sample (Figure 11), inferring an oxidation episode by water circulation in some bands of
this sample.
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Table 2. Iron content and speciation in BIF1, BIF2 and BIF3 samples.

Sample

Iron Speciation—Mössbauer Spectroscopy (%)
Iron Content

ICP-OES
(wt%)

Hematite Goethite * Ferrihydrite Magnetite Silicate
Fe3+/Fetot Fetot

Fe3+ Fe3+ Fe3+ Fe3+
tetra Fe2+/3+

octa Fe3+ Fe2+

B1A 43 10 23 10 8 N.D. 6 0.90 11.78
B1B 76 10 N.D. 6 7 N.D. <3 0.96 15.12
B1C 34 N.D. 3 24 39 N.D. N.D. 0.81 56.83
B1D 30 N.D. 13 19 33 N.D. 5 0.79 14.08
B2A 18 78 N.D. <3 <3 <3 N.D. 1.00 42.57
B2B 35 56 N.D. 4 3 <3 N.D. 0.99 28.95
B3A 18 50 N.D. 14 13 5 N.D. 0.94 27.01
B3B 13 43 N.D. 18 19 7 N.D. 0.91 36.87
B3C 56 N.D. N.D. 25 19 N.D. N.D. 0.91 41.70

* goethite (α-FeOOH) + lepidocrocite (γ-FeOOH). N.D.: Not Detected.

For the altered samples (BIF2 and BIF3), the total Fe content is much higher than BIF1
ranging from 27.01 wt% (B3A) to 42.57 wt% (B2A). Although BIF2 and BIF3 have been
segmented in different zones containing several quartz-rich and iron oxide-rich bands that
average the mean compositions of the zones, the higher total Fe content in these altered
samples is essentially significative of iron enrichment by water circulation in subsurface
conditions. For BIF2 and BIF3, Fe3+ is carried predominantly by oxides/oxi-hydroxides
like in BIF1. Goethite is the main Fe3+-bearing mineral ranging from 43% (B3B) to 78%
(B2A) of Fetot, highlighting the high rate of hydration and alteration of the samples, except
for B3C where hematite is predominant. On the contrary to BIF1, the little amount of iron
contained in silicates is exclusively Fe3+. Finally, the low amount of Fe2+ is totally carried by
magnetite (1/2 Fe2+/3+

octahedral), with content evaluated from <2% (B2B) to 10% (B3C/B3B).
The calculated Fe3+/Fetot ratios for these samples are even higher than for the BIF1, from
0.91 (B3C/B3B) to 1.00 (B2A).

• Mineralogy

For the Fresh BIF sample (BIF1), quartz is always abundant, even if it is less present in
B1C (Figure 12). Iron oxides are also present in high contents, consisting in dominant Fe3+

oxide (hematite) and to a lesser extent Fe2+/Fe3+ oxide (magnetite), except for B1C where
magnetite is dominant (Figure 12). No Fe3+ oxi-hydroxide (goethite) is detected in this
sample. Finally, it is interesting to point out the detection of low content phases in the B1A
and B1B strips. Indeed, calcite is clearly visible in B1B, while riebeckite is slightly detected
in B1A with characteristic peaks at 2θ ≈ 10.5◦ and 28◦. The XRD observation of riebeckite,
a Na-amphibole-bearing Fe2+, in low a content in this sample is consistent with Mössbauer
results that revealed the presence of Fe2+ carried in low amounts by silicates that might be
riebeckite. The riebeckite presence in this sample coming from Dales Gorge Member is also
consistent with previous studies, as riebeckite was determined to be a ubiquitous mineral
of this member [42].

For the altered samples (BIF2 and BIF3), the mineralogy consists exclusively in quartz
and iron oxides/oxy-hydroxide (Figure 12). BIF2 and BIF3 exhibit a high content of Fe3+

oxy-hydroxides (goethite), except for B3C. Fe3+ oxide (hematite) is also highly present in
these samples. Fe2+/Fe3+ oxide (magnetite) is also detected but in amount much lower
than Fe3+ oxide/, except for B3C where magnetite is still strongly present. Finally, neither
carbonate nor Fe2+ silicate have been detected by XRD analyses in the altered samples,
implying very low concentrations (under a few percent) if present. These results are
significant of a higher oxidation degree of BIF2 and BIF3 compared to BIF1 and are in good
agreement with higher Fe3+/Fetot ratios of BIF2 and BIF3 than BIF1 (Table 2).
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Figure 12. XRD patterns obtained and interpreted for (a) the fresh BIF sample (BIF1) and (b) the
altered BIF samples (BIF2 and BIF3). Letter Q refers to quartz, M to magnetite, H to hematite, G to
goethite, R to riebeckite and C to calcite.

4.3.2. Microscopic Observations

• Fresh BIF

The petrographic study conducted at a microscopic scale on the fresh sample by SEM
revealed a highly characteristic textural assemblage present in the whole B1A strip. As
shown in Figure 13, small and rounded minerals were noticed in bright white, forming
little clusters of a few micrometers. A punctual semi-quantitative analysis performed on
these minerals showed that they correspond to iron oxide (Figure 13c). Fibrous minerals of
tens/hundreds of centimeters in light gray color were also observed in a matrix of quartz in
dark gray. The observation of such asbestos texture is consistent with the presence of silicate
detected during Mössbauer analyses. A punctual semi-quantitative analysis performed
on these fibrous minerals confirmed that they correspond to iron silicate (Figure 13d).
Although XRD analyses revealed the presence of riebeckite (Na-amphibole) in the samples,
the composition of the Fe2+ silicate herein includes Fe, Mg, K, Al, Si and O but lacks Na
and thus demonstrates that several asbestos Fe2+ silicates are present in the sample. The
qualitative composition provided here matches the theoretical composition of minnesotaite
((Fe2+, Mg)3Si4O10(OH)2), as well as Mössbauer results and common minerals found in the
Dales Gorge Member [42].

As presented in Figure 14, the BIF2 exhibits alternating microbands of highly reflective
hematite and less reflective goethitic fibrous minerals in a matrix of quartz. The Figure 14b
shows fibrous goethite in the matrix of quartz under transmitted light, appearing red-
brownish when not extinct.

The BIF3 corresponds at macroscale (Figure 10) to dark and bright strips. This pattern
is also observed at the microscale with Fe oxide-rich layers alternating (Figure 15a) with
quartz layers (Figure 15c,d). Under reflected light, the white-pinkish euhedral iron oxides
are stripped by even whiter straight lines (Figure 15a). In this sample, goethite is also
observed surrounding the euhedral oxide minerals (light gray color in Figure 14a) or into
veins in the quartz levels (red-brownish color in Figure 15c). Finally, the quartz levels
contain minor euhedral oxide minerals, almost fully destabilized and crosscut by goethite
veins (Figure 15d).
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4.4. Discussion
4.4.1. Mineralogical Evidence for H2 Production

• Fe2+-bearing silicates alteration

Ferrous iron in fresh BIF can occur as silicates (ex: greenalite Fe2+
6Si4O10(OH)8) or

carbonates (ex: siderite Fe2+CO3) [22]. As the oxidation of iron in the samples is high, as
indicated by high Fe3+/Fetot ratios (0.79 to 1), the presence of ferrous phases is limited.

XRD analyses only showed small amounts of remanent riebeckite, a Na and Fe2+-
bearing amphibole for one strip of the least-altered sample (B1A). The Mössbauer spec-
troscopy, which exclusively focuses on the iron speciation and its mineralogy, provides
complementary results to XRD albeit with a lower detection limit. Mössbauer results indi-
cated that Fe2+-bearing silicates are still present in several strips of the least-altered sample
(B1A, B1B, B1D) such as riebeckite or minnesotaite, whereas the more altered samples show
Fe3+-bearing silicates. Microscopic observations of the least oxidized sample (BIF1) indeed
confirmed the presence of fibrous Fe2+-silicates, presumably riebeckite and/or minneso-
taite (Figure 13), while a more oxidized sample (BIF2) showed needle-shaped goethite
(Figure 14). A comparison between these two BIF highlights the morphological similarities
between the iron silicates in the least oxidized sample and the iron oxi-hydroxide (goethite)
in the more oxidized one. This observation suggests the replacement in-situ (pseudomorph)
of primary iron minerals, in this case the silicates, by secondary goethite during the surficial
alteration and hydration. This phenomenon is considered in the literature as a marker of
BIF ore formation by supergene alteration [46].

Since iron silicates in BIF are both ferrous and ferric, whereas goethite is exclusively
ferric; the mineral replacement is triggered in an oxidative medium, permitting Fe2+ ox-
idation in situ, which is then directly incorporated in goethite under Fe3+ through the
qualitative reaction (1). We infer here that the main oxidant is H2O. The possible oxidation
of iron by other oxidant species will be discussed Section 4.4.2.

2Fe2+Osilicate + H2O⇔ Fe3+
2O3 goethite + H2 (1)

• Fe2+-bearing oxide alteration
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In the three samples, XRD analyses showed that magnetite is the main remaining
Fe2+ bearing mineral, which can be explained by a slower oxidation compared to carbon-
ates or silicates during weathering. Magnetite is often accompanied by the ferric oxide
hematite such as in B3C. Microscopic observations realized in this zone revealed a more
complex mineralogy (Figure 15) with essentially white-pinkish euhedral oxides stripped
by even brighter lines. In the literature, this facies corresponds to kenomagnetite and
maghemite (Figure 15b, [45]). They are known to develop as metastable phases during the
on-going martitization process, a slow destabilization and oxidation of primary magnetite
to hematite when BIF are progressively exhumed [16]. Due to the similar properties of
kenomagnetite/maghemite and magnetite/hematite (same crystalline system and/or same
chemical element and/or same oxidation degree), it is difficult to discriminate these phases.
This explains the XRD results, which only showed hematite and magnetite presence for this
sample. In parallel, goethite has also been observed in veins originating from kenomag-
netite/maghemite, showing a dissolution pattern (Figure 15d). This can be interpreted as
the mobilization of Fe2+ by alteration fluids in a low oxidative medium and its precipitation
under Fe3+ in goethite veins when the environment becomes more oxidative closer to the
surface. The oxidation of ferrous iron contained in magnetite could be summarized by the
qualitative reaction (2). Like for Equation (1), we infer here that the main oxidant is H2O.

2Fe2+Omagnetite + H2O⇔ Fe3+
2O3 goethite/hematite + H2 (2)

4.4.2. Is Water the Main Oxidant during BIF Alteration?

The petrographic study shows that BIF-hosted ore formations are the results of the
circulation of oxidizing fluids. Some authors also mention deeper fluid circulation [47,48].
Although these fluid circulations leach and oxidize the rocks, the exact nature of the oxidant
remains unclear. For example, some authors talked of a “deeply circulating heated meteoric
fluid” able to “convert siderite-stilpnomelane to an ankerite-hematite assemblage” [48],
but the redox reactions were not further investigated. In some papers, dissolved O2
concentrations in circulating groundwater was taken as the main chemical parameter (in
addition to physical parameters such as permeability), constraining the rate of BIF oxidation
([49] and references therein). Nonetheless, supergene alteration (and so oxidation) profiles
can reach in some cases several hundreds of meters below the surface [50]. Is the circulating
water still oxygenated at such depth? Numerous studies show that groundwater usually
falls toward reducing conditions, since all conventional oxidants (such as O2, NO3

− or
SO4

2−) are quickly consumed in the first meters of soil/sediments by organic matter
oxidation [51–53]. This favors water being the main oxidant, and thus the possibility for
BIF-contained iron to be directly oxidized by water molecules is highly possible.

4.4.3. Fe2+-Budget for H2 Generation in Fresh BIF1 Sample

During BIF-hosted iron ore formation, it has been demonstrated that all Fe2+ is con-
verted in Fe3+. Thus, by using the iron content and Fe2+ remaining in the BIF1 sample,
a first order estimate of H2-generation remanent potential can be realized. As the lower
part of this sample shows a higher oxidation rate related to water circulation, the focus
has been made on the upper part of the sample (B1C and B1D). On the basis of the generic
redox equation leading to iron oxidation and H2 generation (3), H2 potential from both
Fe2+

magnetite and Fe2+
silicate in B1C and B1D have been evaluated. Detailed calculations are

provided in Appendix C.

2Fe2+O + H2O⇔ Fe3+
2O3 + H2 (3)

From B1C, which is an iron oxide rich level containing 56.83 wt% of total Fe and
only magnetite as an Fe2+-bearing mineral, the remanent H2 generation potential through
Fe2+

magnetite oxidation is evaluated to 100 mmol per kg of BIF from B1D, which is a quartz-
rich level containing 14.08 wt% of total Fe with Fe2+ distributed in both magnetite and
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silicates; the remanent H2 generation potential through Fe2+
magnetite and Fe2+

silicate oxida-
tions are evaluated to be 200 mmol and 70 mmol per kg of BIF, respectively. Studies showed
that H2 is produced from <100 mmol to >300 mmol per kg of dunite or harzburgite during
serpentinization, depending on the temperature [54]. The comparison with our first order
estimates demonstrates the potential of fresh BIF for H2 generation. Finally, although H2
potential seems much higher for magnetite than silicate in the first instance, since magnetite
is the major Fe2+-bearing mineral in BIF, the kinetics of reaction for martitization might
require a longer time as transitionary stages exist, whereas Fe2+-silicates are more easily
weathered during BIF weathering.

4.4.4. Is There a Temporal Concordance between BIF Alteration and H2 Emissions?

The BIF surficial alteration profiles and related ore bodies worldwide are associated
with past or present lateritization processes in tropical climates. Since the break-up of
Pangea 200 My ago, the on-going continental drift induces a continuous evolving new
climate setting for continents. Some studies demonstrated that the Australian drift triggered
major climate changes in the continent due to entering the intertropical zone during the
Cenozoic, with tropical conditions that mainly lasted during the Miocene [50]. Hence, it
is not surprising to find BIF-hosted iron ores dated back to the Cenozoic in Australia [55].
The lateritization of BIF in Western Australia is likely to be stopped or highly reduced
nowadays, and so our samples are representative of a past surficial alteration and possible
H2 generation, which is not in agreement with active H2 emitting SCD. Nonetheless, the
current degassing of past-produced H2 trapped under impermeable caps such as salt layers
as well as in fluid inclusions within BIF rocks is a path to explore.

In parallel, although we did not focus on it during this study, the on-going oxidation
of BIF-contained iron likely continues, independently of the lateritization processes, in
deeper environments where basinal aqueous fluids circulate. It could be the case in the São
Francisco Basin and western Australia where BIF do not outcrop but are suspected below
sub-circular depressions.

4.4.5. Kinetic Factors Concern for H2 Generation by BIF Oxidation

This study promoted promising elements for H2 generation by water reduction and
iron oxidation during BIF alteration. These water–rock interactions are mainly associated
with supergene alteration profiles reaching tens or maximum hundreds of meters [56]. Al-
though the generation of H2 at such low depths (and so almost ambient T◦) would not be of
economic interest due to a lack of traps, it challenges the idea that high P/T conditions are
required to generate H2 through iron redox reactions. For example, the serpentinization of
basic rocks has been widely studied through calculations and experiments showing an op-
timal temperature for H2 generation around 300 ◦C [57]. Experiments at near-atmospheric
temperature were also investigated and showed that H2 can be formed with the presence
of catalysts such as magnetite [58]. In parallel, only few works focused on H2 generation
through the oxidation of iron contained in other families of minerals so far. Some of them
demonstrated the possibility of H2 generation by wate–rrock interactions with siderite at
200–300 ◦C [59], but the generation at lower temperature has not yet been tested.

In Western Australia, a recent work promoted low generation temperatures of H2
thanks to the geothermometer H2-CH4, despite the mechanisms leading to the formation
of these gases remain unclear [33]. For BIF, the generation of natural H2 by iron oxidation
at these low range of temperatures might require catalysts of biological as well as chemical
origins, like it has been proposed in serpentinization contexts. For example, authors
pointed out that H2 generation efficiency can be highly dependent on pH [60], Ni of Pd
presence [57], the abundance of magnetite [58] or chemical composition of rocks [61]. The
role of microorganisms to facilitate the reaction should also be studied.
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4.5. Synthesis of the Petrographic Study: A Model of BIF Samples Alteration and Related
H2 Generation

BIF constitute a massive ferrous iron reservoir when preserved from surficial alteration,
but their exhumation induces a strong leaching that can reach few hundreds of meters in
depth [56]. This leads to a quasi-complete iron oxidation and formation of BIF-hosted iron
ores, which are dated to a recent past (Cenozoic) in the case of Western Australia [50,62].
The petrological work on samples from Western Australia in transitional stages between
fresh and weathered showed that both primary ferrous oxides and primary ferrous sili-
cates/carbonates are sensitive to oxidizing fluid circulation. On the basis of an iron ore
formation model that has been proposed in literature [56], the sketch presented in Fig-
ure 16 proposes a conceptual petrological history of the samples related to H2 generation.
It must be noticed that the kinetics and depth of H2 generation are not constrained yet,
and additional data and modeling will be necessary. Martitization and goethitization are
processes that are observed in several geological contexts [16,45], but thermodynamic (and
subsequently kinetic) data are needed to verify that the proposed reactions may have an
impact of the gas signature in the studied basins.
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Figure 16. A possible petrological history of the samples and related H2 generation. Fe2+-bearing
minerals such as magnetite and riebeckite/minnesotaite are altered by water circulation and ferrous
iron oxidizes to generate H2. Fe3+-bearing minerals such as hematite are altered by water circulation
to form oxi-hydroxide goethite, but no H2 is generated during this mineral transition.

1. The BIF samples are made up of alternating layers of quartz and primary automorphy
magnetite. In the quartz layers, various proportions of minor phases such as primary
iron silicates and primary iron oxides occur;

2. When weathering starts, the BIF undertakes an oxidation episode, underlined by the
presence of kenomagnetite and maghemite, which mark the on-going martitization
process of the primary magnetite. The martitization can be accompanied by a mobi-
lization of Fe2+ in circulation fluids before reprecipitation as Fe3+ in goethite veins
closer to the surface when the medium become more oxidizing. Quartz starts being
dissolved, increasing progressively the permeability and hence fluid circulation;

3. A second oxidative alteration episode occurs closer to the surface, when fluid circula-
tion intensifies. The minor phases such as iron silicates or carbonates are destabilized
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and ferric iron precipitates in situ as goethite pseudomorph, or ex situ in voids created
by the rock leaching.

5. Conclusions

One of the major processes leading to H2 generation in the continental domain is
the oxidation of iron coupled to the water reduction, mostly in basic or ultrabasic rocks
containing high rates of ferrous iron in minerals such as olivine. Based on a work coupling
both satellite images and petrological approaches, we proposed in this paper a new iron-rich
lithology able to generate H2 through iron oxidation: banded iron formations.

• Topography and sky images analyses

Rounded depressions have been known for a few years to be the expression of cur-
rently active H2 emissions in the landscape and are now found worldwide [9,10,25]. Re-
cently, a study promoted a statistical approach based on satellite imaging to better con-
strain the sub circular depressions (SCD) and proved H2 emitting sub circular depressions
(P_H2_SCD) morphologies and separate them from other circular features as karsts [12].
The work demonstrated the efficiency of the technique to target new regions to explore for
H2 emissions.

In this paper, satellite imaging revealed the presence of these structures around the BIF
in several regions worldwide: Australia, South Africa and Brazil. In order to test the nature
of these features, hundreds of them were mapped from five new areas of Australia and
South Africa and were added to the previous dataset. The statistical approach validated the
idea of probable on-going H2 seeps in these regions that will need to be monitored by field
measurements in the future, giving credit to the hypothesis of H2 generation by oxidation
of BIF-hosted iron.

• Petrological study

The role of BIF as a H2 generator has never been explored yet, despite them standing
as a major resource of ferrous iron on earth with Fetot content from 20 and 40 wt% and
low Fe3+/Fetot ratios (from 0.05 to 0.58) when they are preserved from alteration. In
parallel, data from surficial altered BIF always exhibit high Fe3+/Fetot ratios (very close to
1), involving a strong oxidation when BIF reach the surface.

We presented in this study the results of a petrological work conducted on weathered
BIF samples from the Hamersley Province in Western Australia. The study revealed
mineralogical transitions during supergene alteration, from ferrous/ferric silicates and
oxides (riebeckite/minnesotaite and magnetite) to exclusively ferric oxides (hematite) and
oxi-hydroxides (goethite). These replacements emphasize the oxidation by water–rock
interactions, which are strong evidence of H2 generation by BIF oxidation.

In addition, evidences presented here infer a H2 potential at a very low depth, when
BIF is weathered at the surface, implying a very low generation temperature (under 50 ◦C
and 150 bar). On the contrary to redox iron transformations at higher temperatures, the
ability for these transformations to produce reduced gas (H2, CH4) in anoxic conditions at
lower temperatures, is still poorly constrained in onshore domains such as in ophiolitic
contexts ([63] and references therein). Hence, the new observations in BIF context are a
matter of debate and further studies. It also must not be excluded that BIF could react and
oxidize when meeting underground water circulation in much deeper environments in the
case of buried BIF under thick sedimentary layers, with higher P-T conditions.

Finally, a question of temporal concordance can be raised: Does currently H2 emitted
on fairy circles originate from BIF weathering in Western Australia, South Africa and Brazil?
Such surficial alteration profiles are dated to the Cenozoic, the current era, and are related
to major climate changes worldwide triggered by the break-up of Pangea [50]. Hence, it
is possible that active SCD are related to still on-going surficial strong alteration of BIF
where the climate is still tropical like in Brazil. In some other cases, such as in Australia,
the lateritization of BIF is also Cenozoic but has decreased in the past My due to evolution
of Australian climate dynamics related to the continental drift. Thus, this is more uncertain
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to have an on-going H2 generation by BIF surficial alteration. Nonetheless, the current
emissions of H2 might be related to the oxidation of BIF in deeper environments where
aqueous fluids circulate as well as currently degassing past-produced H2 trapped in rocks
within fluid inclusions or under impermeable caps such as salt layers.

• Implications for the future of H2 exploration

Even if the relationship between H2 generation and BIF will require additional charac-
terization, we proposed here to add the iron-rich lithology to the list of potential H2 source
rocks in the continental context. BIF are a worldwide-distributed lithology. As far as we
know, the spatial correlation between BIF and supposed H2 emanations can be pointed
out on more numerous places than only Brazil, Australia or South-Africa. Thus, targeting
BIF might be another proxy for natural H2 exploration. Obviously, the targeted BIF for
H2 exploration could be in subsurfaces at the opposite of the ones targeted by the iron
mine industry, which have to outcrop, or be close to thesurface. BIF constitute the main
ferrous-iron resource on Earth, hence including this additional lithology, as a H2 source in
the global balance might significantly increase the annually estimates of emitted H2 that
are now 1013 mol/an according to the latest calculations [14]. Finally, the possibility of H2
production at a relative ambient temperature has been suggested in this paper, concurring
with a previous study [33]. If true, it might open a new whole field of research for H2
generation, which has always been considered to require higher temperatures up to now.
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Appendix A

Table A1. Chemical compositions (in oxide wt%) of the BIF1, BIF2 and BIF3 samples obtained by
ICP-OES.

Sample
Chemical Composition—ICP-OES (wt%)

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 L.O.I. * Total

B1A 71.06 0.11 16.83 <D.L. 1.37 1.07 1.04 <D.L. <D.L. <D.L. 2.72 94.19
B1B 57.55 0.05 21.60 0.027 0.13 10.54 0.12 <D.L. <D.L. <D.L. 9.61 99.61
B1C 15.78 0.29 81.18 <D.L. 0.88 0.50 0.10 0.12 <D.L. 0.35 0.38 99.58
B1D 73.95 0.51 20.11 <D.L. 2.62 0.04 0.08 0.23 <D.L. <D.L. 2.29 99.83
B2A 32.32 0.25 60.81 <D.L. <D.L. 0.03 <D.L. <D.L. <D.L. 0.10 6.50 100.01
B2B 55.00 0.05 41.35 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. 3.24 99.63
B3A 58.18 <D.L. 38.59 0.23 0.09 0.04 <D.L. <D.L. <D.L. 0.10 2.66 99.88
B3B 43.30 <D.L. 52.67 0.19 0.19 0.04 <D.L. <D.L. <D.L. <D.L. 2.84 99.23
B3C 39.78 <D.L. 59.57 <D.L. <D.L. 0.04 <D.L. <D.L. <D.L. <D.L. −0.27 99.12

* L.O.I.: Loss on Ignition includes loss of volatiles and gain from oxidation of Fe2+. D.L.: Detection Limit.
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Figure A1. Mössbauer spectra and data for BIF1, BIF2 and BIF3 samples.
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