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The climate challenges facing humanity are driving resear ch into alter natives to fossil energiesand have
led to a significant upsurgein interest in the “ hydrogen solution” in recent years. Hydrogen isrightly
considered to be an energy vector sinceit hasto be produced from other resour ces (water electrolysis,
steam methane reforming, etc.) However, it has now been established that molecular hydrogen (H,) also
exists naturally in the form of diffuse or continuous seepage escaping from certain geological formations.
Nevertheless, numerous questions remain concer ning its origin, the mechanismsleading to its formation
and itsactual production potential.

Recent collaborative PhD research, conducted as part of a collaborative project by IFPEN, the Paris Institute of
Earth Physics and the University of Pau and the Pays de I’ Adour, has just highlighted a new mechanism that
can explain some of the continental natural hydrogen flows.

The mystery of continental natural hydrogen

In ocean environments, as well as on ocean rock formations that have been uplifted and exposed as a result of
plate tectonics (ophiolites), the presence of hydrogen seepsis primarily the result of the oxidation of Fe,,-rich
silicate minerals, such as olivine or pyroxene[1, 2]. However, the mystery remains around the intra-continental
environment, where these minerals are largely absent. Y et hydrogen flows have been identified in these very
environments over the past 10 years: in the vicinity of iron mineslocated in cratons, ancient continental areas
(600 million to over 3 hillion years old) in which banded iron formations have been deposited! (Figure 1).

1 often abbreviated to BIF
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Figure 1la: Reduced BIF core taken from a depth of several meters (Hamerdey Range, Australia);
1b: Oxidized surface BIF in northern Minnesota (credits: Olivier Sissmann)

Do you know theorigin of banded iron for mations?

Banded iron formations are sedimentary rocks with an iron content of up to 40%. At the beginning of the
Archean period, which lasted from 4 billion to 2.5 billion year s ago, the ocean was oxygen-free and
contained ferrousiron (Fe,,) in solution. With the oxygenation of the oceans, thisferrousiron was
oxidized toferriciron (Fe;,) and was deposited aslayers of iron oxide, such as magnetite (??e30,) and
I'hematite (Fe,O5), alternating with deposits of shale and silicon carbonates. These successive deposits, which
are the result of sedimentation under water of variable depth with varying concentrations of oxygen, formed over
time, thereby leading to the formation of major iron deposits. Today, more than 80% of iron produced
throughout the world, particularly in the USA, Australia, South Africa and Brazil, comes from these deposits.

Thekey to the mystery: magnetite oxidation

These very old sedimentary formations - some dating back over 2.5 billion years- arerich in magnetite (?-
Fe30,), aniron oxide hitherto considered to be stable in the natural environment. However, |aboratory
experiments involving the ateration of this oxide at low temperatures (< 100°C) to reproduce the conditions of
burial in the earth's crust have revealed significant H2 production in the space of just afew days. This occurred
via atotal oxidation reaction that had never previously been considered and that, in anoxic conditions,
transforms magnetite into maghemite (?-Fe,Oo) :

2 (77Fe50,) + H,0 -> 3(77Fe,04) + H,,

From this, a phenomenological model was developed (Figure 2), to explain the production of this hydrogen at
deep underground and its surfacing through permeable rocks.
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Whereas in the BIF located at shallow depths maghemite (?-Fe,O,) develops as aresult of the alteration of
magnetite (-Fe;0,4) by oxygen-rich surface water, the new mechanism proposed for hydrogen generation at
greater depths is based on the ateration of magnetite by anoxic water, resulting in the generation of H, [3].
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Figure 2 : Illustration of an Archean BIF from the Hamersley Range in the West Australian craton,
its mineralogy and itsiron content. [3]



Natural hydrogen: what are the prospects as a future ener gy sour ce?

Thesefindings have major implicationsfor the future exploration of natural hydrogen in continental
environments and the estimation of potential flows . They suggest that magnetite-rich sedimentary lithologies,
such as BIFs, which are abundant and present on every continent (Figure 3), represent potential target source
rocks. They also broaden our understanding of the formation and alteration of iron deposits, paving the way for
mining campaigns to produce this new energy resource.
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Figure 3: Map of Precambrian cratons (shown in dark grey) across the planet, as well asiron mines
and associated natural H2 flows [4]
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