RESEARCH NEWS

Oxidation of iron sans oxygen fugacity: Fresh insights from
lower mantle mineral chemistry

A. V. Sankaran

Geophysical, geochemical and experi-
mental investigations conducted since
the 1980s on the structure and composi-
tion of earth’s interior have enlarged our
conception of this region but at the same
time, they have also generated fresh
issues necessitating further explanations.
One such issue that has spurred several
innovative experimental studies is about
the oxygen or the redox state of the
earth’s mantle and how this has come to
be in the state it is observed today. Know-
ledge about this feature of the mantle is
essential to our understanding about earth’s
geochemical evolution, generation of man-
tle melts, evolution of the atmosphere
and its influence on climate and geomor-
phology — in short, about the early history
of earth itself.

Presently, there are two models des-
cribing the redox state of the earth’s mantle.
One of them considers that the oxidation-
state of upper mantle has not changed
since 3.9 b.y. ago'™*. This model is based
on the evaluation of the MgO content in
Archaean komatiitic lavas as well as abun-
dance of Cr, V, from the composition of
Cr-rich spinels in ancient volcanics, and
also from the unchanged composition of
mantle volatiles and volcanic gases. An
opposite view argues that the upper man-
tle was in a very reduced state during
early geological times (pre-2.0 b.y. period)
but progressively became oxidized in sub-
sequent periods. This view stems from
several investigations on the sensitive rela-
tionship of Fe to oxygen, particularly in
spinels which can accommodate large
amounts of Fe’* and through chemical
and isotopic variations of iron in several
Fe-bearing minerals such as spinel, Al-
perovskite, garnet, ortho- and clino-pyro-
xenes from mantle-derived ultramafic
rocks* .

The differentiation of early molten
earth to metal and silicate phases leading
ultimately to the development of a metal-
lic core and a silicate mantle had wielded
considerable sway on the mantle’s oxida-
tion state’. When earth was just about
50 million years old, iron along with iron-
loving or the siderophile elements (e.g.
Fe, Cu, Ni, noble metals) separated from

the molten earth and formed the earth’s
core leaving a silicate-rich residual por-
tion which became the mantle. At the
time of formation of core, the whole
mantle was in chemical equilibrium with
metallic iron but subsequently the upper
mantle became more oxidized due to pro-
gressive changes in the composition of
earth’s interior arising from episodes of
massive exhalation of reduced volcanic
gases (H, CO, SO,), subduction of hydra-
ted oxidized seatloor, subduction of fer-
ric iron*” and increased plume activity
during the Archaean-Proterozoic transi-
tion'?,

The oxidation-state of the mantle is
usually estimated in terms of relative
oxygen content or the oxygen fugacities
of iron-bearing minerals like spinel
(Mg, Fe)Al,O, through measurement of
the ratio between Fe*" and Fe®' in them
or from the geochemical abundance of
Cr, V in spinel, and also through estima-
tion of Fe-isotope (8°"Fe/**Fe) fractiona-
tion in spinel"**!""12_Spinel occurring in
the upper mantle records high Fe*'/Fe**
ratio implying that this region is highly
oxidized and not in chemical equilibrium
with metallic iron'?. In spite of several
studies on mantle fO, their results have
not been assertive about its state and its
homogeneity both vertically and laterally.
For example, even between the top and
bottom of the upper mantle itself, the
oxidation-state varies —above 200 km it
is more oxidized relative to its deeper
portions'* and also it is controlled by the
melting regime and source mineralogy'?.

With regard to the lower mantle, be-
cause of lack of direct samples, its fO, is
not clearly understood, though this region
is believed to be relatively reduced. This
is inferred from high-pressure experi-
ments on synthetic mineral phases, from
inclusions of (Mg, Fe, Al) (Si, A1)O; and
(Mg, Fe)O phases, and from the narrow
distribution of C-isotopes in diamonds of
definite lower mantle origin'>"*. Accord-
ing to the established notions about the
connection between oxygen partial pres-
sure and oxidation of Fe to Fe**, the low
oxygen content that prevails in the lower
mantle should naturally suppress this
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oxidation. But a few years back, this
notion was disproved by the finding of
an unexpectedly high Fe*!/Fe’* ratio, inde-
pendent of oxygen fugacity requirement.
The ratio, which was much higher than
what is generally observed in well-oxi-
dized upper mantle spinels, was recorded
in experimental studies'® on synthetic alu-
minous Mg—Fe perovskite wherein 50%
of Fe was present as Fe’*. This typical
lower mantle spinel, though composi-
tionally similar to its upper mantle coun-
terpart, differs from it in having a denser
perovskite structure developed due to
phase transition in the high-pressure lower
mantle zone.

Explanations for this seemingly ano-
malous Fe*'/Fe’* ratio have now come
from the work of Frost and colleagues'
who conducted high-pressure experimen-
tal synthesis of this aluminous silicate
perovskite (Mg, Fe, Al) (Si, A)O3. The
investigators considered some of the pos-
sible chemical routes which can provide
the oxygen required for producing the
high Fe*'/Fe’* ratio. They reasoned that
the reduction of Fe?* to metallic iron and
Fe** thus: 3Fe*'O — Fe + 2 Fe*'0, 5, could
yield the required extra oxygen. Since
magnesian perovskite (Fe here is present
as Fe’*) is known to have a great affinity
for oxygen to form Fe*, they carried out
suitable experiments under P-T condi-
tions that prevail just below the transi-
tion zone (uppermost lower mantle) in
very poor oxygen conditions and success-
fully synthesized aluminous magnesian
perovskite having very high Fe''/Fe**
ratio. Their experiments thus confirmed
that oxidized Fe-rich mineral can exist
independent of oxygen fugacity condi-
tion of the lower mantle through ‘auto-
reduction’ of FeO.

The reaction envisaged by Frost and
others leading to generation of free metal-
lic iron in the lower mantle is believed to
have supplemented as much as 10% iron
to the core during core—mantle segrega-
tion that took place within 50 million
years after earth’s accretion. They be-
lieve that the transport of iron into the
core was aided by the deep magma-ocean
of early earth, which also helped in the
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crystallization of Al-perovskite, thereby
promoting net oxygen content of lower
mantle. Subsequent mantle convection pro-
cesses are supposed to have increased the
bulk O-content of the mantle, thus mak-
ing the present day upper mantle more
oxidized. According to the authors, this
co-precipitation of metallic iron resulted
in the retention of the iron-loving sidero-
phile elements in the mantle. The pre-
sence of high amounts of these elements
in the mantle is considered an anomaly
and this aspect had earlier invited leng-
thy discussions. Quite a few explanations
have been advanced to account for their
excess in the mantle!’, one of which
attributes the anomalous presence of these
siderophiles to additions from chondrites
accreting as a ‘late veneer’'®. However,
Frost et al.'' feel that if a solid lower
mantle had already formed before the
completion of the core, the retention of
metallic iron in the mantle, instead of
entering into the core, could inevitably
augment these elements in the upper mantle
and hence there is no need to invoke addi-
tions through a late veneer of chondrites.

A recent contribution’ has described
how FeO content and oxygen distribution
is influenced by the size of the growing
planet and the depth of the magma-ocean
generated during its formative stages by
energy released by the impacting bodies
and other heat generating reactions early
in the planet’s development. Experimen-
tal studies have shown that while higher
temperature favours dissolution of oxy-
gen into molten iron at the time of metal—
silicate differentiation in molten-planet
scenario, this affinity of oxygen decrea-
ses under higher pressure™'*?'. This will
imply that the overall abundance of FeO
or oxygen in the planet’s mantle is much
controlled by whether pressure was domi-
nant or temperature, in the differentiating
magma-ocean.

Earth had a larger magma-ocean (depth
of 1800 km) exerting higher pressure and
temperature (3500 K) at the bottom of its
ocean. It is therefore claimed that greater
amount of oxygen dissolved in the mol-
ten iron, the latter ultimately segregating
to form the massive core (incidentally,

entry of oxygen into earth’s core in
this manner along with iron could also
account for core’s density deficit®??)
leaving a relatively reduced mantle, poor
in Fe-oxides. In the smaller sized Mars,
the pressure and temperature of such a
magma-ocean were too low, thereby im-
peding the dissolution of oxygen into
iron. Consequently, its magma-ocean re-
mained rich in iron oxide leading to
development of Fe-rich silicate mantle.

The above hypothesis, however, assu-
mes that the composition and source re-
servoir for the accreting materials in the
early solar system were the same for both
the planets during their formation®'. But
clues from isotopes and other studies
indicate a hybrid parentage for earth since
its prolonged accretionary phase accu-
mulated compositionally distinct classes
of chondrites (heterogeneous accretion)
with differing oxidation-states and iron
content®?*. Besides, the source for the
accreting bodies for Earth and Mars were
also not the same but known to be well
separated”.

Surfeit of studies about the mantle
have undoubtedly stressed the fact that
SO, is high in the upper mantle in spite
of low concentration of ferric iron and
contrastingly this is low in the lower
mantle despite high abundance of ferric
iron, an odd feature now explained through
studies of aluminous silicate-perovskite'".
The key to evaluate the present status of
fO, in the lower mantle, which still re-
mains unclear, no doubt rests with fur-
ther studies on minerals of definite lower
mantle origin though new constraints that
have emerged from several geophysical
studies in recent years, emphasizing mix-
ing of mantle zones and penetration by
subducting crustal slabs deep into lower
mantle, will have to be overcome before
arriving at the state of fO,.
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