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Abstract

Net flux of ferric iron from the subducted oceanic crust to the mantle has been estimated to constrain the evolution of
the redox state of the Earth’s mantle. The main mechanism responsible for the transfer of ferric iron towards the mantle
is the production of magnetite during the hydrothermal alteration of the oceanic crust. Both modeling and compilation of
chemical data lead to aflux of 21 x 10° kg s™* of ferric iron transported by the subducted oceanic crust. The net flux of
ferric iron towards the deep mantle is estimated to be 12 x 10° kg s~* when corrected from the production rates of basic
magmas at oceanic ridges, island arcs, and hot spots. We discuss several hypotheses. Ferric iron could react at depth with
reduced species that buffer the redox state of the mantle to its present-day value. One possible mechanism could be the
reaction of this ferric iron with the core that would have been reduced by only 500 m since 2 Ga. At the opposite, we may
also consider that ferric iron accumulates in the deep mantle, being possibly accepted by the structure of spinel, garnet, and
perovskite. The transfer of ferric iron from subducted slabs to the mantle contributes from 10 to 25% in the global budget
of the ferric iron component of the mantle. The long-term loss of ferric iron from the Earth’s surface may be considered as
a plausible mechanism to regulate the photosynthetic production of molecular oxygen. [0 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The redox state of Earth’s mantle is a critical pa-
rameter required to model volatile speciation, phys-
ical properties of mantle rocks, core—-mantle inter-
actions, and the atmosphere chemistry through time
(eg., [1,2]). The redox state of the upper mantle is
commonly estimated through values of oxygen fu-
gacity calculated on the basis of Fe?* /Fe3t equilib-
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rium distribution among mineral assemblages such
as olivine—orthopyroxene—spinel [3-5]. Virgo et al.
[6], Wood and Virgo [7] and Wood et a. [8] have
shown that direct measurements of the ferric iron
content by Mossbauer spectroscopy are more reli-
able than estimates from microprobe analysis [3].
Oxygen fugacities of co-existing minerals from peri-
dotite and eclogite nodules are a'so measured with
electrochemical cells (e.g., [9,10]) but reduction of
the ferric iron during experiments with carbon-bear-
ing samples provides spurious low fo, values [6].
Thermobarometric measurements lead to conclude
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that the redox state of the mantle is heterogeneous
from highly reduced to moderately oxidized peri-
dotites above metal saturation [5,10]. A chemically
stratified mantle could also have generated a zona-
tion with depth of the redox state of minera as-
semblages. Based on the ability of mantle minerals
to accept Fe** in their structure, O’'Neill et al. [4]
proposed that the transition zone may form “a shell
of reducing conditions’ between the upper and lower
mantle that are characterized by oxygen fugacities
below but close to the quartz—fayalite—magnetite
oxygen buffer (AQFM = —1.5 to +0.5). Two ma-
jor oxidizing volatile phases in the mantle, carbon
dioxide and water, are able to increase the ratio be-
tween ferric and ferrous iron. However, the fluxes
and abundances of these volatiles in Earth’'s reser-
voirs aswell as their chemical reactivity with mantle
minerals at high pressure and temperature are not
well constrained. This kind of mass balance calcula-
tion requires an inventory of net outgassing fluxes of
the reduced volatiles H,, CH4, and CO. Such fluxes
remain difficult to establish since we know, for ex-
ample, that the dominant part of CH, and H, fluxes
at oceanic ridges results from chemical reactions be-
tween peridotites and seawater, thermal breakdown
of sedimentary organic matter, and bacteria produc-
tion [11,12]. It is thus very delicate to model the
evolution of the mantle redox state through time de-
spite the attempts made by Kasting et a. [2] and
Kadik [10]. These authors conclude that the upper
mantle progressively became more oxidized through
time as the result of crustal recycling.

To investigate the relative importance of the fluxes
in ferric iron on the redox evolution of the mantle,
mass balance calculations have been applied to the
relative abundances of ferric and ferrous iron in
rocks created at oceanic ridges and islands, and
subducted along the active margins. Therefore, we
propose an inventory of Fe**/XFe ratios and iron
abundance in the main reservoirs of the Earth along
with their related fluxes for establishing the transfer
of ferric iron between the surface reservoirs (oceanic
crust and sediments, continents) and the mantle.
Mass balance budgets for iron may be established
independently of the knowledge of mineralogical
reactions that occur within the mantle. Integration
over lithosphere subduction history should lead to
an estimation of the amount of Fe** that entered

the mantle. Before 2 Ga, however, the presence
of banded iron formations (BIF) deposited on the
seafloor [13] indicates more reducing conditions in
the Precambrian oceans than at present. Therefore,
fluxes of ferric iron that are calculated on the basis
of modern or Phanerozoic hydrothermally altered
oceanic rocks have been only extrapolated over 2
Ga.

In this paper, we discuss how ferric iron from
subducted plates may accumulate in the mantle or
react with reducing species. Ferric iron may aso
react with the core that could act as an ultimate buffer
of the redox state of the mantle. Finally, we evaluate
how the long-term storage of ferric iron in the mantle
could be a feedback process controlling the partial
pressure of molecular oxygen in the atmosphere.

2. Compilation of chemical data

A compilation of 837 chemical analyses of tota
iron and Fe** /Fe?* ratios has been made for basalts
and gabbros from oceanic ridges, ophiolites, island
arcs, and oceanic islands. Only samples for which
the amount of total iron and ferrous iron have been
determined by wet chemistry have been selected for
the purpose of this study. This may overestimate the
amount of Fe** compared to Mossbauer determina-
tions on minerals[4,14]. The database along with the
reference sources are available upon request to the
authors. The data have been presented as frequency
histograms (Figs. 1-3), and statistics for Fe** /Fe
ratios and Fe concentrations in basalts and gab-
bros from each reservoir have been summarized in
Table 1. Fluxes of total and ferric iron have been cal-
culated for the oceanic crust (Table 2) assuming one
third of basalts for two thirds of gabbros, an average
expansion rate of 5 cm a?, a crustal depth of 6 km,
65,000 km of oceanic ridges, and a density of 2800
kg m~3. We estimated production rates of magmas
closeto 1.1 x 10 kg a! and 1.4 x 10* kg a*
at idand arcs and oceanic idands, respectively. In-
tra-plate vol canism activity has been estimated using
production rates of magmas for the Ontong Java and
other oceanic plateaus [15]. Fluxes of ferric iron for
island arc (IAT) and oceanic island (OIB) volcanism
are about one order of magnitude lower than those
calculated for ridge volcanism (Table 2). Based on
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Fig. 1. Fe** /SFe ratios of oceanic island, isand arc, ophiolite, and mid-ocean ridge basalts and gabbros.
the rate of oceanic sediments subducted each year iron brought by OIB towards the surface (Table 2).
[16] and their high content in ferric iron [17], the Based on various calculations (Table 3), the conti-
flux of ferric iron carried by sediments towards the nental crust constitutes a huge reservoir of ferriciron

mantle is balanced by the opposite flux of ferric (3.8 x 10%° t0 5.9 x 10%° kg) when compared to the
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Fig. 2. Total iron abundance in wt% of oceanic island, island arc, ophiolite, and mid-ocean ridge basalts and gabbros.

present-day mass of oceanic sediments (5.6 x 10'®
kg).

From the compilations of the Fe*t /ZFe ratios in
the various magmatic reservoirs, several important
observations must be underlined. The hydrother-
mally altered oceanic crust has a Fe**/XFe ratio

of 0.22 + 0.08 about three times higher than the
average ratio (0.073 £ 0.017) measured in fresh
mid-ocean ridge basalts [18]. Note that our estimate
(Table 2) is dlightly lower than the earlier estimate
of 0.24 given by Ronov and Yaroshevsky [19] who
did not take into account the gabbro component of
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Fig. 3. Comparison of Fe>+ / SFe ratios between fresh basalts from oceanic islands and mid-ocean ridges.

the oceanic crust. Arc volcanism is characterized
by a high Fe**/XFe ratio of 0.38 + 0.17 (Table 1;
Fig. 1) that mainly results from the partial melting
of the most oxidized parts of the oceanic crust and
its sedimentary cover (e.g., [20—22]). Ophiolites and
modern oceanic crust have similar Fe**/ ZFe ratios
(Tables 1 and 2; Fig. 1) that suggest stable condi-
tions of oxidation of the oceanic crust exposed to
hot seawater over the Phanerozoic (Ordovician to
Miocene). The significant scattering of Fe**/XFe

ratios and the average value of 0.25 for ophiolites
compared to the clustered Fe**/XFe ratios for the
modern altered oceanic crust may be partly explained
by the back-arc or intra-arc environment of some
ophiolites [23—-25]. In the case of OIB, we selected
samples whose water contents do not exceed 0.6%
to minimize alteration by surface waters. Their aver-
age Fe** /X Fe ratio of 0.29 + 0.13 is much higher
(Fig. 3) than the ratio of 0.07 + 0.03 computed for
fresh MORB [18].

Table 1

Statigtics for total and ferric iron abundances in basalts and gabbros from modeled and sampled oceanic crust, Phanerozoic ophiolites,
oceanic islands and island arcs

Reservoir Variable Minimum Maximum Points Mean Standard deviation
Crust model basalts Fe*t/xFe 0.16-0.20 0.44-0.68 201 0.27-0.39 -
Crust model gabbros Fe*t /TFe 0.07 0.16-0.20 400 0.10-0.11 -
Oceanic crust basalts Fe*t/sFe 0.03 0.57 221 0.26 0.08
Oceanic crust basalts Fe (wt%) 1.90 14.68 221 7.35 1.45
Oceanic crust gabbros Fe*t/sFe 0.04 0.45 130 0.20 0.08
Oceanic crust gabbros Fe (wt%) 151 22.36 130 5.80 3.60
Ophiolite basdts Fe*t/sFe 0.02 0.74 104 0.30 0.15
Ophioalite basalts Fe (wt%) 478 11.58 104 7.48 1.62
Ophiolite gabbros Felt /sFe 0.06 0.50 51 0.22 0.10
Ophiolite gabbros Fe (wt%) 1.24 14.82 50 523 2.67
Ocean island basalts Fe*t /sFe 0.07 0.96 187 0.29 0.13
Ocean idand basalts Fe (wt%) 4.46 1114 187 8.86 0.89
Idland-arc basalts Fe*+/sFe 0.13 0.92 99 0.41 0.17
Island-arc basalts Fe (wt%) 1.86 11.20 99 7.53 1.30




Table 2

Estimated magma productions and fluxes of ferric iron associated with rates of oceanic sedimentation, hydrothermal alteration of the oceanic crust, and volcanism at ridges,
oceanic islands and island arcs

Reservoirs Oceanic crust Oceanic crust Oceanic crust Ophidalitic Oceanic Intra-plate Arcvolcanism  Ridge volcanism
sequences sediments volcanism
Ronov and compilation, model, compilation, Chester [17] compilation, compilation, compilation,
Yaroshevsky [19] this study this study this study this study this study this study
3+/XFe 0.24 0.22 0.19 0.25 0.82 0.29 0.38 0.07
Fe3* (wt%) 1.89 1.38 1.20 1.49 342 2.53 242 0.44
>Fe (Wt%) 7.88 6.31 6.31 5.98 417 8.86 6.36 6.31
Production (kg a~1) 5.46 x 1013 5.46 x 1013 5.46 x 1013 546 x 1013 1.40 x 1012 1.37 x 1012 1.12 x 1012 5.46 x 1013
Fe*t flux (kga1)®  —1.03 x 10%2 —755x 1011 —655x 1011 —816 x 108  —479 x 1019 4410 x 10° 4271 x 101° +2.41 x 101t
aA negative sign for ferric iron fluxes indicates a mass transfer from surface to mantle.
Table 3
Various estimates of the abundance of total and ferric iron in oceanic sediments, continental crust, and lower mantle
Reservoirs Oceanic Continental Continental Continental Continental Continental Continental L ower
sediments crust crust crust crust crust crust mantle
McLennan Clarke and Clarke and Goldschmidt Daly Poldervaart Ronov and
and Taylor [61] Washington [62] Washington [62] [63] [64] [65] Yaroshevsky [19]
Fe, O3 (Wt%) 4.89 3.08 3.10 341 3.55 2.30 240 -
FeO (wt%) 0.94 3.80 371 3.58 4.06 5.00 5.60 -
Fe*t (wt%) 3.42 215 2.17 2.39 2.48 161 1.68 -
Fe*t (wi%) 0.73 2.95 2.88 2.78 3.16 3.89 4.35 -
Fe* /XFe 0.82 0.42 0.43 0.46 0.44 0.29 0.28 -
> Fe (Wt%) 4.15 511 5.05 5.17 5.64 5.50 6.03 5.8
Unit mass (kg) 1.63 x 10%° 2.36 x 107 2.36 x 10?2 2.36 x 10% 2.36 x 10% 2.36 x 107 2.36 x 10% 2.94 x 10
SFe (kg) 6.77 x 1018 1.21 x 104 1.19 x 10% 1.22 x 102 1.33 x 104 1.30 x 104 1.42 x 104 1.71 x 10%
TFe3t (kg) 5.58 x 1018 5.08 x 109 512 x 109 5.63 x 102 5.86 x 109 3.80 x 100 3.96 x 100 -
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In the frame of this compilation of iron data, a
first question arises: how is the oceanic crust pro-
gressively oxidized with depth and time before being
subducted and recycled through the deep mantle?
Therefore, we propose to model the oxidation of the
oceanic crust that occurs during the hydrothermal al-
teration of basic rocks by seawater. The comparison
of measured and modeled Fe*t/Fe ratios should
avoid an over-estimation of the Fe*+ flux from the
surface towards the mantle. We can remark, indeed,
that the shallow layers of the oceanic crust have been
oversampled at the expense of the deep gabbroic lay-
ers as the consequence of the drilling techniques that
restrict the sampling of the oceanic crust to the first
thousand meters. A few sections of oceanic gabbros
have been sampled at the Hess Deep close to the
East Pacific Rise (Hole 894G) and along the Indian
Ridge (Hole 735B) but do not represent the whole
deep oceanic crust.

3. Iron oxidation during hydrothermal activity at
oceanic ridges

Experimental approaches of basalt—seawater in-
teractions at high temperatures (200-350°C) have
shown that the oxidation of basaltic Fe? into Fe**
proceeds through seawater sulfate reduction whose
extent is controlled by water—rock ratios [26]. The
normative fayalite component of basaltic rocks is
oxidized to pyrite and magnetite according to the
following reaction:

11Fe,SiO, + 2S0;™ + 4HT <> FeS; + 7TFe30,

If water—rock ratios are large enough, after com-
plete oxidation of the fayalite component, magnetite
is further oxidized into hematite. According to the
common occurrence of magnetiteinstead of hematite
in oceanic rocks, oxidation is considered to be re-
stricted to the production of magnetite, thus only
two thirds (more exactly 7/11 taking into account
the pyrite component) of the ferrous iron can be
oxidized [26]. Knowing that sulfate concentration in
seawater is 0.265 wt%, the above reaction indicates
that 2.65 g of SO5~ will convert 6.9 g of Fe?*
into Fe** for a mass water—rock ratio of 1. Kinetics

of such chemical reactions are fast at hydrother-
mal temperatures [27]. Reactions are achieved for
hydrothermal systems whose life expectancies are
higher than twenty thousand years, which is the case
for oceanic hydrothermal systems. Consequently, the
limiting factor for the progress of chemical reac-
tion (1) is the amount of available reacting seawa-
ter (water—rock ratio) that varies with depth as a
function of the permeability of the oceanic crust.
Theoretical and experimental studies show that the
water—rock ratio decreases exponentially with depth
[28,29]. The smooth profiles of porosity and perme-
ability observed in both modern oceanic crust [30]
and ophiolites [31] suggest that an exponential decay
law is valid to simulate permeability variations with
depth in the oceanic crust:

w (ﬂ) [eXp(—ah)—eer(—aZ)} @
0

R exp(—ah) — 1

where (W/R)q is the water—rock ratio at z = 0. The
porosity closes at the depth h = 6 km, the param-
eter a is chosen to obtain an integrated water—rock
ratio between 1 and 1.5 in agreement with those de-
duced from strontium isotope studies along various
segments of mid-ocean ridges [32,33]. The initia
Fe3* /=Fe ratio of oceanic rocks was set to 0.07
before water—rock interaction starts to oxidize the
crust. The computed profiles of Fe*t/Fe ratios in
the oceanic crust are depicted in Fig. 4. The ratios
decrease from 0.5 to 0.2 in the basaltic layer sup-
posedly 2 km thick, down to 0.07 at the bottom of
the oceanic crust where infiltration of water stops.
Profiles of Fe** /= Fe ratios progressively decreasing
with depth have been observed in some ophiolite
sequences. For example, Spooner et a. [34] have re-
ported Fe*+/ XFe ratios of pillow lavas from Liguria
(Italy) that regularly decrease from 0.47 at surface
down to 0.22 at a few hundred of meters deeper in
the crust. They also observed some scattering in the
ratios at a same depth that results from the hetero-
geneous permeability of rocks, a property that is not
accounted for by our model whose main goa is to
reproduce the amplitude and zonation of oxidation
in the oceanic crust at first order level. Similarly,
the Trinity ophiolite (northern California) shows a
1-km-deep sequence of basalts and gabbros having
Fe** /XFe ratios decreasing from 0.52 at the top
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Fig. 4. Modeled profiles of variations of the Fe*t / £Fe ratio with
depth in the oceanic crust for integrated mass water—rock ratios
of 1and 1.5.

down to 0.11 near the boundary between crusta
gabbros and mantle peridotites [35].

The average Fe**/%Fe ratio for the modelled
basalts is calculated to be in the range 0.27-0.39,
somewhat higher than those deduced from the com-
pilation of data from oceanic and ophiolitic basalts
(Table 1). This dlight discrepancy may result from
the choice of parameter a in Eqg. 2 but also from a
sampling bias; the most altered samples are com-
monly discarded for petrological and geochemi-
cal studies. The uppermost gabbros have computed
Fe** /ZFe ratios close to 0.2 in agreement with the
data obtained from oceanic and ophiolitic gabbros.
However, the average Fe** / =Fe ratio for the whole
gabbro section (4 km thick in our model) is 0.1,
about two times less than the average ratio deduced
from oceanic data (Table 1). The model predicts
the existence of a large section of deep oceanic
gabbros only dightly oxidized by the low amounts
of circulating hydrothermal waters. The calculated
Fe** /X Fe ratio for the whole crust is thus estimated
to be between 0.16 and 0.20 instead of 0.22, a differ-

ence that could reflect a substantial sampling bias of
the oceanic crust (Table 2).

4. Discussion

4.1. Long-term fluxes and the fate of ferric iron

The similarity of Fe3*/XFe ratios between ophi-
olites and modern oceanic crust suggests that the
oxidation mechanism at the surface remained the
same at least through the Phanerozoic. We do not
know on the contrary if the oxidation state of the
basalts has changed through time. If the Fe**/XFe
ratio of MORB has increased through time, mass
balance calculations that assume steady-state ferric
iron fluxes between reservoirs will provide only an
upper limit for the flux of Fe** towards the mantle.
However, according to Canil [36], the oxidation state
of the upper mantle has not evolved significantly.
Both modeling and compilation of chemical data
lead to calculate a net flux of 12 x 10° kg s~ of
ferric iron transported towards the mantle when cor-
rected from opposite fluxes at oceanic ridges, island
arcs, and oceanic islands (Table 2; Fig. 5):

D crugt-mantie = Psubduction + Psediments — ‘Dridg&s

- ‘Dislands - ‘Darcs (3)

The flux of ferric iron transported by altered
subducted plates is mainly counterbalanced by the
flux of ferric iron at ridges whereas contributions
from other reservoirs are at least five times lower
(Table 2). We estimate that the uncertainty on this
calculated flux is mainly related to those associated
with the Fe**/XFe ratios of the two largest mass
fluxes (Psubduction aNd Priges), 1.€. about 50%.

We may question whether or not the integral
amount of Fe** produced during hydrothermal ac-
tivity is redly transferred to the deep mantle. The
flux of ferric iron extracted by arc volcanism is
negligible, but the fact that this material is highly
oxidized argues for a near conservative transfer of
ferric iron from the trenches to the vol canism sources
[37]. Wood et al. [8] also observed that highly oxi-
dized xenoliths ( fo, greater than FMQ) come from
subduction-related areas. However, we may consider
that a fraction of the ferric iron may react with
reduced species such as carbon or sulfur that are
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1.5x103 kg.s'

oceanic
sediments

20.8x103 kg.s'1

hydrothermal
alteration

Continental Crust
Fe3* = 4 to 5.9x10%° kg

Fig. 5. Sketch summarizing the fluxes and amounts of Fe>* for the main terrestrial reservoirs. A net flux of 12.5 x 10% kg s~ of Fe3t
towards the mantle has been deduced using a mass balance equation (Eq. 3).

themselves contained in the subducted lithosphere.
If this process operates, the net flux of ferric iron
towards the mantle may be over-estimated in our
calculations. We also emphasize that the subducted
dabs behave as a closed system regarding the oxy-
gen budget among the various chemical species. One
way to test in what extent the Fe** /X Fe ratio could
be preserved during subduction would consist in a
comparison between measurements made on eclog-
ites of oceanic origin and hydrothermally altered
oceanic rocks (D. Canil, pers. commun.). However,
we hote that this comparison requires the identifica-
tion of the eclogite protoliths (basalts, gabbros and
peridotites). Unfortunately, such a set of data is not
availablein the literature.

If arc volcanism recycles large amounts of atered
oceanic crust, we question the size of recycled a-
tered crust into hot spot volcanism that is considered
to sample the lower mantle. For comparison with
MOR volcanism, Fe** /ZFe ratios of OIB must be
corrected from partial melting rates that are differ-
ent from those affecting the upwelling asthenosphere
beneath ocean ridges [30]. Fe** /X Fe ratios may be
normalized to another incompatible chemical species
such as H,O assuming similar incompatible behav-
iors relatively to silicate melts. Canil et a. [14]
proposed a partition coefficient of about 0.1 for Fe3+
between solid and melt during partial melting of
mantle rocks. Water is three to four times more

abundant in OIB than in MORB in agreement with
different rates of source melting [38]. Using the
following mass balance equation:

<Fe3+> [H2Olmors <Fe3+>
— X 0 f o [ —
TFe)os  [H20lol ZFe / sibducted
Fe3t
+(1—f)x ( ) 4
2F€ / tresh MORB @

we deduce that the amount of subducted oceanic
crust recycled in hot spot volcanism ranges from 2 to
20 wt%, an estimate that brackets the 9 wt% of con-
tamination quantified by Woodhead et a. [39] on the
basis of correlations between radiogenic and stable
oxygen isotope compositions of various ocean island
basalts. This contribution of recycled oceanic crust
must be considered as an upper limit since we do not
know whether or not contamination occurs when hot
spot volcanism is ascending through a pre-existing
altered oceanic lithosphere like in Hawaii or Iceland.

Continental crust also accumulated ferric iron
during its growth through time (Table 3; Fig. 5).
Oxidation of the continental crust results from lateral
accretion of oxidized marine sediments and island
arc-related components, but also from a progressive
alteration of the eroded surfaces in contact with the
atmosphere and fresh waters. Depending on methods
of calculation, its Fe**/XFe ratio is estimated in
the range 0.28-0.46. Assuming that the mass of the
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continental crust is 2.36 x 10?? kg [40,41], the total
amount of Fe** stored in this reservoir may be esti-
mated from 4 x 10%° kg to 5.9 x 10%° kg (Table 3).
This amount is about the half of the total amount of
Fet (8 x 10%° kg) transferred towards the mantle
over aperiod of 2 Ga.

4.2. Implication for the redox state of the deep
mantle

Several hypotheses concerning the fate of ferric
iron in the deep mantle may be considered. They
are highly speculative although we think they are
worth to be discussed. Two main behaviors can
be envisioned: either the mantle oxidation increases
through time or the introduction of oxidized species
is buffered at depth.

(1) Ferric iron may have progressively accumu-
lated in the mantle, being possibly accepted by the
structure of garnet [8] and perovskite [42,43]. Mc-
Cammon [43] found that perovskites that accept
AI¥* may accommodate large amounts of ferric iron
and be in equilibrium with iron metal. If true, it
means that ferric iron from subducted plates does not
react with the core but is simply continuously added
to the deep mantle. Adding Fe** in the deep man-
tle means that some species is reduced accordingly;
for example, oxidized carbon from carbonates could
react to produce diamonds.

This hypothesis of a secular increase of the man-
tle Fe>* /TFe ratio is actively debated. For example,
Ballhaus [44] and Canil et a. [14] proposed that
the upper mantle beneath cratons was likely progres-
sively oxidized since the early Archean. However,
more recently, Canil [36] reached an opposite con-
clusion that was inferred from a study of vanadium
partitioning between komatiitic liquid and olivine
from Archean lava flows. Komatiite lavas may have
been as oxidized or even more oxidized than pre-
sent-day mid-oceanic ridge basalts. From our study,
we can estimate what is the amount of ferric iron
introduced by subduction relatively to the present-
day Fe** /XFeratio of the mantle estimated between
0.023 and 0.06 [4]. In the framework of our model,
the Fe** /= Fe ratio of the mantle is at least 0.005
when only taking into account the long-term recy-
cling of subducted plates over 2 Ga. Therefore, litho-
spheric recycling only contributes from one tenth to

one quarter of the mantle ferric iron abundance. This
process, although non negligible, cannot explain by
itself the present-day oxidation state of the Earth’'s
mantle. If the mantle was more reduced than now,
other redox processes must be involved to explain
the present-day mantle oxidation state. Inward fluxes
of CO, (10'° to 10" kg a1; [45]) and H,O (10 to
10%? kg a1; [45]) may be responsible for the oxida-
tion of ferrous iron into ferric iron as was proposed
by Kasting et a. [2]. In mol s72, these different
fluxes are from 1.7 x 10° to 1.7 x 10° for H,0O,
about 2 x 10° for Fe**, and from 6.8 x 10° to 6.8
x 10* for CO,. This suggests that water is the major
oxidizing agent followed by Fe**, while carbonates
would be the least important. These fluxes altogether
may explain the present-day Fe**/XFe ratio of the
whole mantle.

It is also possible that the primitive mantle was
aready as oxidized as now [36], for example, sub-
sequently to a late accretion of an oxidized veneer
[46]. In that case, introduced oxidized species are
buffered at depth.

(2) If the subducted plates or their derived-com-
ponents collide with the Earth’s core, this latter may
act as a buffer of the mantle redox state by convert-
ing its iron metal into ferrous iron according to the
following equation:

Fe® + 2Fe*t « 3Fe?t (5)

Such a reaction will decrease the core radius by
only 500 m over a period of 2 Ga. Following this
hypothesis, the redox state of Earth’s mantle would
have been maintained nearly constant throughout
most of the Earth’s history.

(3) Other buffering processes could occur in the
mantle. Ferric iron brought by the subducted litho-
sphere could react with ‘metal droplets' that would
have remained trapped in the deep mantle as a con-
seguence of an incomplete segregation from the sili-
cate matrix during core differentiation. According to
Ballhaus [5], starting from the transition zone, the
deep mantle could be indeed metal -saturated.

(4) The mantle abundances of reduced species
such as C and S arelarge enough [8,14] to potentially
convert al the subducted ferric iron into ferrous iron
according to the following reactions:

2Fe,0;3 + C <> 4FeO + CO, (6)
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If such reactions occur in the mantle, the litho-
spheric recycling progressively consumes the mantle
reservoirs of reduced carbon and sulfur. We cannot
determine what are the respective contributions of C
and S in a possible buffering of the mantle redox
state. However, we can estimate, independently for
each species, the maximum amount of C or Sthat are
necessary to buffer the Fe** brought by subducted
plates.

According to Blundy et al. [47], carbon should be
the major element that buffers the Fe** /Fe?* ratio
of mantle-derived rocks. Therefore, assuming that
only reaction (6) occurs, 4.3 x 10% kg of diamond
has been consumed in the last 2 Ga. Although such
a quantity of diamonds is certainly impressive, the
mantle is known to contain about 400-500 ppm of
carbon (2 x 10% kg; [48]). The buffering of mantle
oxidation state by carbon would mean that an initial
3 wt% of this carbon was in its reduced form. This
process can explain why most diamonds are probably
of Precambrian age [49,50]: the remaining ones are
too deep to be exhumed.

(5) Reduced volatiles may have been more abun-
dant during the early Earth than now (e.g., [51]) and
may have maintained the mantle redox state constant
through two major reactions:

4Fe,03 + CH, <> 8Fe0 + CO, + 2H,0 (8)

Fe,03 + Hp <> 2Fe0 + H,0 9)

The products of reaction, water and carbon diox-
ide, will be consequently released at oceanic ridges
as observed by Javoy and Pineau [52].

In any case, we conclude that ferric iron is sub-
tracted from the surface towards the mantle and the
continental crust (Fig. 5). Oxidation of sulfidein sul-
fate is required to maintain sulfate concentration in
seawater at steady state [51] in response to its con-
sumption during hydrothermal alteration at ridges.
It means that a stoichiometric amount of molec-
ular oxygen is trapped into rock-forming minerals
a the expense of the Earth's atmosphere, whereas
oxygen that escapes Earth’s mantle is bounded in
carbon dioxide and water molecules. Kasting et al.
[2] previousy emphasized that “the questions of
atmospheric oxidation state and mantle redox evo-
lution are inextricably interlinked” and likely had

a critical influence on life development during the
Precambrian.

4.3. A mechanismto regulate the atmospheric
oxygen partial pressure?

The accumulation of ferric iron in both mantle
and continental crust may be examined as a plausi-
ble feedback mechanism regulating the atmospheric
oxygen partial pressure. One way to test this hypoth-
esis is to combine the equations of photosynthesis
and oxidation of ferrousiron asfollows:

CO; + H,O <+ CH, O+ Oy (10)

For two consumed moles of ferrous iron, one
half mole of organic matter is produced. Knowing
that the total amount of ferric iron accumulated in
both continental crust and deep mantle is about 1.3
x 10? kg, a corresponding mass of 10° kg of
buried organic carbon is required to balance oxygen
consumption during iron oxidation at ridges over a
period of 2 Ga. We do not know how much organic
carbon is subducted each year but it is interesting to
note that this mass of organic carbon is about 5 times
the estimated total biomass (including kerogen) of 2
x 10 kg [53,54]. This calculation suggests that a
large amount of reduced carbon has been stored in
crustal rocks or in the mantle.

The evolution of the atmospheric oxygen content
is classically approached by the competing between
the burial rate of organic carbon (reaction 10) and
its oxidation rate (reverse of reaction 10). Excess of
organic matter burial has been proposed for the Cre-
taceous and the Cenozoic [55-58] and the classical
two box model predicted large increases of oxygen
atmospheric contents from 20% up to 80% relatively
to present atmospheric level (PAL) even when in-
tegrating the phosphorus cycle [51,58]. Time scales
of such fluctuations occur at a 10 Ma scale as the
consequence of flux sizes of 10" kg a—* compared
to reservoir sizes that are 10'® kg of oxygen in the
atmosphere and about 10 kg of reduced carbon
in sediments. Ferric iron fluxes towards the mantle
are of the same order of magnitude as carbon burial
fluxes. Consequently they are able to compete for
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regulating the amount of molecular oxygen in the
atmosphere.

We propose to model the evolution of the oxy-
gen atmospheric content by coupling the reaction of
iron oxidation at ridges (reaction 11). We treat the
atmospheric oxygen cycle with first-order kinetic ex-
change laws. For a system of three exchanging reser-
voirs A (atmosphere), B (sediments) and C (mantle),
we have for the atmosphere [59,60]:

dM
TA = ksa Mg — kagMa — kacMa (12)

M, is oxygen mass of the atmosphere, kga, kag and
kac arethe rate constants (a~*) of oxygen transferred
from B to A, A to B and A to C, respectively.
The rate constant at which oxygen is transferred to-
wards the mantle increases in proportion to the ridge
spreading rate (Fig. 6). For expansion rates higher
than 5 cm a1, iron oxidation acts as a feedback
mechanism regulating the atmospheric pO, with re-
sponse times equal to or less than 10 Ma. For exam-
ple, if we consider a 50% excess of organic carbon
burial flux, which is considered as an upper limit
over the Phanerozoic [56], a model without mantle

oxidation predicts a new steady-state oxygen atmo-
spheric content of 1.8 x 10 kg with a response
time of 20 Ma. By comparison, for a ridge activ-
ity of 10 cm a2, the initial perturbation, illustrated
by a rapid oxygen increase, will be absorbed in 40
Ma (Fig. 6). The oxidation of ferrous iron in ferric
iron during hydrothermal activity at oceanic ridges
may be therefore considered as a plausible mecha-
nism that stabilizes atmospheric pO, in addition to
other surface mechanisms such as those associated
with limiting nutrients controlling the biomass. The
absence of rapid and large depletion or inflation of
atmospheric O, are necessary to conciliate geochem-
ical models with the biological evolutionary trends
recorded in the Phanerozoic sediments.

5. Conclusions

Mass balance calculations reveal that the mantle
and the continental crust are sinks for ferric iron.
Both modeling and compilation of chemical data
lead to calculate a net flux of 12 x 10° kg st
of ferric iron transported towards the deep man-
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Fig. 6. Variations of the atmospheric O, content as a function of the expansion rate of mid-ocean ridges. The curves have been cal culated
using first-order kinetic exchange laws for a system of three exchanging reservoirs that are the atmosphere, the sediments, and the
mantle. Initial conditions: mass of atmospheric oxygen was taken at 1 x 10'8 kg according to the present-day value, and mass of buried
carbon in sediments was estimated around 2 x 10° kg. Flux of oxygen equivalent to carbon burial in sediments was set at 4 x 10 kg
a1 [66] and 50% higher than the reverse flux of organic matter degradation (see Eq. 10). Flux of oxygen equivalent to iron oxidation at

the ridges equals 5.5 x 100 kg a~* for an expansion rate of 5 cm a1
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tle when corrected from opposite fluxes at oceanic
ridges, island arcs, and oceanic idands. Subduc-
tion of hydrothermally oxidized oceanic lithosphere
could have injected 8 x 10%° kg of Fe** towards the
mantle over 2 Ga, i.e. about two times the amount
of ferric iron stored in the present-day continental
crust. The transfer of ferric iron from subducted
dlabs to the mantle contributes from 10% to 25% in
the global budget of the Fe*+/ XFe of the mantle.

By combining the equations of photosynthesis
and oxidation of ferrous iron, a corresponding mass
of 10%° kg of buried organic carbon is required to
balance oxygen consumption during iron oxidation
at ridges over a period of 2 Ga. A first-order kinetic
model of oxygen transfer between the atmosphere,
the sediments, and the mantle predicts maximal vari-
ations of +£30% of the oxygen atmospheric content
at al0-Mascae.

The oxidation of ferrous iron in ferric iron dur-
ing hydrothermal activity at oceanic ridges may be
therefore considered as a plausible mechanism that
participates in the regulation of atmospheric pO,.
Such an inorganic chemical process may also have
delayed the rising of free oxygen in the terrestrial
atmosphere during the Early Precambrian.
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