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Zhejiang Province, Institute of Geology and Geophysics, School of Earth Sciences, Zhejiang University, Hangzhou, China

Abstract Redox input by subducted slab into mantle is important for deep cycle and isotopic evolution of
volatile elements, whose stable forms are controlled by redox state. Given reduced condition in lower part of
the upper mantle, taking redox budget from lithospheric mantle into consideration is crucial in redefining redox
state there. To constrain to which extent subducted slab modified redox state of the uppermost mantle and how
much oxygen budget slab carried into deep Earth, we investigated redox kinetics of olivine adopting diffusion
couple method at 1 GPa and 1,373-1573 K in a piston cylinder apparatus. It is found that redox process

in olivine is diffusion-controlled, and diffusing on the order of 10712 m?%/s at 1473 K. Oxidation process in
reduced part is oxygen fugacity (fO,)-independent with activation enthalpy of 235 + 56 kJ/mol, while reduction
process in oxidized part is fO,-dependent with an fO, exponent of 2/5. Diffusion profile analysis reveals that
for magnetite-free couple, redox process is controlled by oxygen grain boundary diffusion (GBD) below
AFMQ + 1, and rate-limited by faster species which might be hydrogen related Mg vacancy above AFMQ + 1.
However, for magnetite-bearing couple, oxygen GBD dominates redox process across wide fO, range. The
extremely slow rate limits the homogenization of the slab with surrounding mantle so that redox state of the
uppermost mantle remains unchanged in the past 3.5 Gyrs. A highly underestimated oxygen reservoir may have
formed in deep Earth, when subducted slab transports oxidized components to region deeper than the mantle
transition zone.

Plain Language Summary As oxidized slabs continue subducting into mantle, redox exchange
proceeds between slabs and the surrounding mantle. Knowledge of redox kinetics of olivine is essential for
understanding redox evolution of the uppermost mantle in the Earth's history and unraveling redox budget

in slab residues that brought into deeper Earth. In this study, we conducted a series of diffusion experiments
to determine rates of redox processes in olivine aggregates under high pressure and high temperature. Our
results show that diffusion-controlled redox processes in olivine aggregates are extremely slow. The extent of
surrounding upper mantle which can be oxidized by slabs is very limited. The unchanging redox state of the
uppermost mantle is not caused by its infinite redox capacity as previously supposed but due to its inability to
digest oxidized components efficiently. Being not fully absorbed by the uppermost mantle, the oxidized slabs
tend to transport a considerable amount of oxidized components into deeper mantle with further subducting.

1. Introduction

How redox state of the uppermost mantle has evolved through geological time has long been a focus of hot
debate. It is expected to be altered because of continuous input of oxidized components by subduction process.
However, concentrations of Cr, V, and the V/Sc ratio of the oldest known rocks showed that oxygen fugacity (fO,)
of the uppermost mantle had remained at approximately fayalite-magnetite-quartz (FMQ) over past 3.5 Gyrs
(Canil, 2002; Li & Lee, 2004). It is possible that oxidized materials might be prevented to be incorporated into
deeper mantle, if they were to oxidize mantle wedge during subduction (Brounce et al., 2015; Parkinson &
Arculus, 1999). However, Zn/Fe signature in primitive arc magmas originated from mantle wedge indicated
that they were not generated in oxidized environments, suggesting that redox state of mantle wedge was not
significantly altered by subducted oxidized materials (Lee et al., 2010). Thus, the question is how the subducted
oxidized materials behave. Oxidized arc rocks or gases originated from mantle wedge could bring dissolved
oxidized components back to the Earth's surface (Brounce et al., 2014; Kelley & Cottrell, 2009). Nevertheless,
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Fe3*/ZFe ratios of subducted materials from the Mariana subduction zone demonstrated that significant amount
of O, added to the subducted crust by several processes is not output by arc volcanism (Brounce et al., 2019).
Therefore, oxide components are likely to remain in subducted slabs and been transported into deeper mantle
beyond subduction zones (Kadik, 1997; Kasting et al., 1993).

The extent of mantle oxidized by subducted slab can be assessed by calculating input and output of main redox-sen-
sitive elements such as Fe, C and S (Evans, 2012; Evans & Powell, 2015; Evans & Tomkins, 2011; Lécuyer &
Ricard, 1999). Fe3* flux from sediments, altered oceanic crust and partially serpentinized lithospheric mantle is
15 + 13 x 10" mol/y, which is ~27% of the total Fe flux (Evans, 2012). Redox budget of a rock is defined as
the number of moles of electrons which needs to be added to the rock to reach a reference state (Evans, 2006),
which is usually considered to be Fe?* for Fe in the uppermost mantle. Thus, redox budget of Fe in subducting
slab was calculated to be 15 + 13 X 10'? mol/y. Because more electrons are needed to bring C and S in slabs to
their reference states, their redox budget to deeper mantle was increasingly investigated and emphasized (Galvez
et al., 2013; Kerrick & Connolly, 2001; Schwarzenbach et al., 2018; Sverjensky et al., 2014).

However, ability of Fe in the slab as redox budget is underestimated when we consider the fact that fO, relative to
FMQ decreases towards deep Earth (Frost & McCammon, 2008). In the uppermost mantle, fO, is near FMQ equi-
librium, which is determined by Fe?*-Fe3* equilibrium in silicate minerals. However, from lower half of the upper
mantle (~240 km) to the lower mantle, fO, decreases from near iron-wiistite (IW) equilibrium to ~1.5 log units
below that, producing metals with compositions from Ni-rich to almost pure iron (Rohrbach & Schmidt, 2011).
P-wave tomography revealed that most of slabs stagnated above the 660 km discontinuity or trapped in the
uppermost lower mantle (600-1,000 km; Fukao & Obayashi, 2013), demonstrating the slabs reached far beyond
the uppermost mantle to the reduced deeper mantle. Therefore, it is possible that Fe in subducted slab there
could be present in the form of metallic phase, at least partially, at depth shallower than the 410 km seismic
discontinuity, if a dynamic equilibrium achieves with surrounding mantle. And metallic iron should be referred
as the reference state of Fe for slabs at depth below 240 km (Rohrbach & Schmidt, 2011). In this case, both
Fe?* and Fe®* contribute to redox budget of subducted slabs. Previous estimation of net total input of Fe was
55 + 13 x 10" mol/y, occupying up to 90% of multi-valence element fluxes (Evans, 2006), whose result excluded
Fe?* contribution from unserpentinised lithospheric mantle. In the present study, Fe flux (mainly in the form of
Fe?*) from unserpentinised lithospheric mantle, whose volume is usually 5-20 times thicker than serpentinized
one (Gorman et al., 2006; Rupke et al., 2004), would be added to better constrain redox budget of slabs, which is
previously greatly underestimated.

Olivine and pyroxene are main constituent minerals in lithospheric mantle of slabs. During subduction, when iron
in olivine is reduced to metallic phase, O, will be released and fO, of surrounding mantle will be elevated. Exper-
imental investigation on redox kinetics of olivine is necessary, in order to accurately evaluate oxidation extent of
the surrounding mantle and redox budget of Fe brought by slab. The hypothesis whether the upper mantle repre-
sents an infinite redox reservoir and consumes all redox input supplied by slab so that a nearly constant fO, of
the upper mantle is maintained over geological time (Lee et al., 2010; Rohrbach & Schmidt, 2011) can be tested.
In this study we employed diffusion couple method to investigate redox kinetics of Pt-doped olivine aggregates
(Pt as oxygen sensor) at 1,373-1,573 K and 1 GPa under water undersaturated condition using piston cylinder
apparatus. Diffusion coefficient was calculated from fO, profile. Mechanisms dominating reduction and oxida-
tion processes are discussed. Assuming water undersaturated condition, we calculate the maximum diffusion
lengths through redox process and present the maximum oxidation extent of the upper mantle that can be altered
by subducting slabs. Finally, a total redox budget of Fe brought by slabs into deeper Earth every year is estimated,
taking metallic iron as the reference state.

2. Methods
2.1. Sample Preparation

Reagent grade MgO, SiO, and Fe,O, with stoichiometric olivine composition were mixed in an agate mortar.
3 wt% SiO, powder was added as silica buffer. The powder mixture was pressed into thin disks and baked at
1,573 K in a gas mixture furnace for 4 hr with CO, and H, gas flow controlled at fO, near Ni-NiO (NNO) equilib-
rium which is approximate to FMQ buffered condition or at fO, near IW buffered condition. After baking, olivine
was identified as the main phase with small amount of orthopyroxene (Opx) using X-ray diffraction (XRD)
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analysis. Oxygen sensor of 5 wt% Pt powder was added and fully mixed with pre-synthesized silica-buffered
olivine powder, which was baked at the same condition in the gas mixture furnace for another 4 hr. After quench,
Pt-doped olivine powders at oxidized (near NNO buffer) and reduced (near IW buffer) conditions were obtained.

Sintering of Pt-doped olivine aggregate was performed at 1,373—1,573 K and 1 GPa in an end-loaded piston-cylin-
der apparatus using conventional 3/4 Talc/Pyrex assembly. Mineral assemblage equilibria for precise pressure and
temperature calibration were not performed. Pressure was generated according to the theoretical pressure-load
relationship that P (kb) = 0.1090 X load, assuming 3% friction correction. S type thermocouple was used to
monitor temperature whose uncertainty was within +2.5 K (https://www.thermocoupleinfo.com). No correction
for pressure effects on EMF was applied. Temperature difference of the sample part was controlled within 15 K
by using a tapered heater. To obtain dry aggregate, starting powder was kept at 473 K in a vacuum furnace before
it was loaded into Ni or Mo capsule which was used for keeping the NNO or IW buffered condition of starting
powders respectively, while absorbing possible moisture during keeping. To prevent generation of cracks during
decompression, Pyrex glass tube was used outside Ni/Mo capsule and sample was decompressed to room pres-
sure at 1,073 K after sintering at the target temperature (Table S1 in Supporting Information S1).

After recovery, the sintered sample was cut into several pieces. Micro-texture was observed by scanning electron
microscope (SEM) using one piece from them. Volume fraction of Opx in olivine matrix was estimated to be
10-14 vol% using ImageJ on SEM images. Average grain size of olivine matrix was counted to be 2—4 pm (Table
S1 in Supporting Information S1), using intercept method (Mendelson, 1969) with the relation d = cL where
d is grain size, L is length of intercept, and c is a constant of 1.56. Re-equilibrating of Pt particles with olivine
during sintering at elevated pressure and lowered temperature (compared with synthesis conditions at gas mixture
furnace) causes either breakdown of olivine into Fe and Opx and release of oxygen, or the opposite reaction
direction, as indicated below:

Fe,Si04(olivine) = 2Fe (metallic iron) + SiO; + O,; (@))]
Mg, SiO; + SiO; = 2MgSiO;. 2)

Thus, local fO, of sample can be evaluated from changing Fe content in Pt alloys (Faul et al., 2017), which monitors
real-time fO,. To evaluate whether a new steady-state of fO, was reached across the sample, chemical composition
of more than 20 points of Pt alloys and neighboring olivine grains was measured by electron microprobe (EPMA)
from near Ni/Mo capsule to the center part on cross section of sliced piece. Their oxygen fugacities were calculated
following method described in Faul et al. (2017). The almost constant oxygen fugacity (Figure S1 in Support-
ing Information S1) indicates that sintered sample has reached a new equilibrium state corresponding to varied
pressure and temperature in the piston cylinder apparatus (Table S1 in Supporting Information S1). For oxidized
samples, except one sample containing significant amount of magnetite which shows near 10 log units higher fO,
than IW buffer, others are magnetite-free and show fO, 4.4-7.6 log units higher than that. For the reduced samples,
SO, was determined to be 1.1-1.6 log units higher than IW buffer (Table S1 in Supporting Information S1).

2.2. Diffusion Experiment and Sample Characterization

Diffusion couple method was used to investigate redox kinetics of olivine. After removing metal capsule, both
oxidized and reduced Pt-doped polycrystalline olivine disks with about 4 mm-diameter and 1 mm-thickness were
surface-polished and stacked face to face, referred as a diffusion couple. The couple was fully covered with 10 pm
thick Pt foil to avoid reaction with surrounding MgO. Diffusion profile was confirmed to be absent in zero-time
run (Figure S5 in Supporting Information S1) where experiment was quenched by shutting down power supply
once temperature was increased to 1473 K. Time-series diffusion runs with different duration from 5 to 18 hr
were performed at 1,473 K and 1 GPa (Table 1), the same temperature and pressure with their sintering condi-
tions (Table S1 in Supporting Information S1). To obtain activation enthalpy, two additional experiments at 1,373
and 1,573 K were also performed (Table 1).

After annealing, recovered couple was cut into two halves at center, normal to the initial contact interface. One
half of the sample was used for SEM and EPM A measurement. In most cases, initial interface in diffusion couples
could be easily identified because of mechanical separation of two parts after decompression, while some were
invisible (Figure 1). A homogeneous texture with average grain size of 2-5 pm was observed (Table 1). In most

ZHAO ET AL.

3of 15

85U8017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T8Ul|UO /8|1 UO (SUOTPUOD-PUR-SULIBY/LIOD™A8 | 1M Afe.q 1 [BU 1 [UO//SdNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/20/22] Uo AriqiTauliuo AB|IM ‘NSNISINDA!E [fwod Ad 22622090T202/620T OT/10p/Lod A8 | im Ariqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘Z ‘2202 ‘9566912


https://www
https://www.thermocoupleinfo.com/

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB022977

Table 1
Experimental Summary of Diffusion Experiment Using Piston-Cylinder Apparatus

Run no. Starting sample T(K) Duration (h) Capsule Grain size (um)  Grain growth (%) log D (m?s)

PC702  PC699 + PC686 1,473 0 Pt foil / / /
PC703  PC699 + PC686 1473 5 Pt foil :4.5(2.5) 37 ~12.20 (8)
23(1.2) 2

3.9(23) 26 —12.44 (3)
3.1 (1.7) 16

4.8 (3.0) 93 —12.64(2)
2.7 (1.4) 15

PC689"  PC687"+ PC686 1,473 12 Pt foil / / —12.40 (4)

/ /

:2.5(1.4) 9 —12.97 (4)
:22(1.2) -5

:42(2.3) 111 —11.83 (4)
R:42(2.8) 14

PC698 PC665 + PC674 1,473 13 Pt foil

PC715 PC714 1,473 18 Pt foil

7P OR®QORAQ

PC711 PC710 1,373 30 Pt foil

o ® O

PC719 PC718 1,573 3 Pt foil

Note. “O” and “R” in the column of grain size mean oxidized half and reduced half of diffusion couple respectively.“-5 in
column of Growth (%) means the grain size after diffusion experiment is the same with that before diffusion experiment, that
is, no grain growth occurs. Number in parenthesis is the calculated standard deviation of corresponding data. “/” in PC702
and PC689 means corresponding properties is not calculated.

“magnetite-bearing sample or diffusion couple.

cases no significant grain growth occurred (Table 1 and Table S1 in Supporting Information S1), neither obvious
change of volume fraction of orthopyroxene. Fe content in Pt alloy and chemical composition of neighboring
olivine across diffusion couple were acquired using EPMA from the center part of the diffusion couple (red
region in Figure 1) to minimize possible influence from outer Pt foil. fO, profile was plotted as a function of
distance from the contact interface of oxidized and reduced parts (Figure 2).

The other half was double-polished to 100-300 pm thickness for infrared (IR) spectroscopy measurement to
determine water content. A JASCO IRT5200IMPY Fourier-transform IR (FTIR) spectrometer with an aligned
transmission geometry was used under vacuum condition. IR spectra were acquired with an aperture size of
100 x 100 and an accumulation of 128 scans. At least 3-5 different points were measured for each sample. After
baseline correction and thickness normalization, the Paterson calibration (Paterson, 1982) was adopted to obtain
water content with an integration range of 3,000-3,730 cm~! and an orientation factor of 1/2.

2.3. Determination of Diffusion Coefficient

Along diffusion profile, fO, gradient led to chemical reaction between Pt oxygen sensor and surrounding olivine
grains until a new local fO, equilibrium was reached. Iron contents in olivine grains are shown to be nearly
constant (Figure S2 in Supporting Information S1), whereas the iron content in Pt alloy (X}, is more sensitive and
has a strong inverse correlation with fO, (Fig. S3 in Supporting Information S1). So X|,. was taken as the indicator
of local fO, variation during redox process. To determine diffusion coefficient, redox process in olivine aggregate
was assumed to be one-dimension diffusion in semi-infinite space. A theoretically perfect diffusion profile was
difficult to obtain during experiment. However, by carefully confining the fitting range which reflected redox
kinetics of interest, artifacts from other processes could be removed and their influences on diffusivity were esti-
mated to be not significant. Tail in the reduced part caused by Fe loss to Pt foil gives rise to an artifact that the
original fO, was not maintained during diffusion. However, from the aspect of redox kinetics revealed by diffu-
sion couple method, the judging criterium is whether the minimum fO, after diffusion overlaps with the initial
one. Close inspection shows that the boundary condition of semi-infinite media for the reduced part is satisfied
within error (Figure 2). For the oxidized part, most runs maintain their initial fO, during diffusion except some.
For PC719, the elevated fO, was resulted from oxidizing environment confined by Pt capsule, which was removed
in later calculation (Figure 3f). For PC689, it is reasonable to set the final fO, as one end of diffusion profile since
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(a) PC703 (5 h) (b) PC715 (18 h)

X 1,500 15.0kv_COMPO

(f) PC715 reduced part

Pt alloy

&

e

—
x 1,500 15.0xv cowro sme 10 UM

Figure 1. Typical texture of diffusion couple after diffusion annealing with different durations at 1,473 K. Bright grains
in (c) (e) are Pt alloy, and dark gray grains in (d) (f) are opx. Volume fraction of orthopyroxene does not change much after
annealing. Grain boundaries in oxidized part becomes visible after annealing while those in reduced part still not obvious.
Length scale is annotated in the bottom right corner in every subfigure.

decomposition of magnetite, which provided an infinite oxygen reservoir, was ahead of reduction of olivine (see
Results part below for detailed information). For PC715, it seems that fO, flattened out beyond the sample with
only several points lying in the initial fO, region. However, the obtained diffusivity is in good agreement with
other runs at 1473 K (Figure 4), indicating negligible influence.

Diffusion profile of X, in Pt alloy versus distance from the interface for magnetite-free couple (Figure 3) shows
asymmetric feature as a consequence of concentration-dependent diffusion. After removing data points caused by
other processes aforementioned, Boltzmann-Matano method was used to obtain diffusion coefficient (Matano, 1933).
First, considering the asymmetric feature of diffusion profile, raw data was fitted to the equation below:

p 1-p

Clx) = A1+ (A = A) | e +

3

where x is the distance of data point from the initial interface, C(x) is the mole fraction of Fe in Pt alloy expressed
as X, others are fitting parameters. Then position of Matano interface x was determined where it satisfied equa-

tion below:
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Figure 2. Oxygen fugacity profiles as a function of distance from the initial contact interface at 1,373-1,573 K. Yellow and
green circles are fO, for oxidized and reduced parts in diffusion couple respectively. Horizontal dotted lines are the initial fO,
before diffusion. Yellow and green shaded areas are calculated standard deviation.

G
/ xdC =0
G

where C| and C, are the minimum and maximum Xp, in the diffusion profile, respectively. Finally, diffusion

coefficient was calculated using equation below to obtain iron content-dependent diffusivity:

daC

) /C < xdC, )

where C is the normalized iron content at position x, D is the diffusion coefficient.

“

Although magnetite-bearing couple appeared to be composition-independent at first sight, Boltzmann-Matano
method was still adopted to allow for possible subtle asymmetric diffusion. As shown in Figure 2d, the oxidized
part of the magnetite-bearing couple shows that fO, was dropped by ~1.3 log unit without clear diffusion profile.
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Figure 3. Diffusion profile of iron content in Pt alloy (X,) versus distance from the initial contact interface from 1,373 to 1,573 K with different durations. Yellow
filled circles are iron mole fractions entrained in Pt alloy. Green line is the fitting line. Vertical dashed line indicates the initial contact interface and solid line the
Matano interface.
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EnLl 4 60000 Water contents of diffusion couples at 1,373 and 1,573 K are determined to
e loooOoO be less than 10 wt. ppm. For diffusion couples at 1,473 K, except one reduced
2 [ magnetite- sample whose water content is within 10 wt. ppm, all others are between 20
a3 | bearing couple SEmEmEEEE and 50 wt. ppm (Figure S4 in Supporting Information S1). Because of the
[T 373K 30h s P
L difficulty to subtract water contribution from epoxy, the real water contents
[ | Oxidized, higher fO, P : Reduced, lower fO, of these samples are expected to be even lower. Therefore, it is reasonable to
14 . AR A . A expect a nearly dry condition for most couples during diffusion annealing.
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Figure 4. Diffusion coefficient as a function of iron content in Pt alloy (Xg,).
Yellow and green symbols (triangles and circles) indicate diffusivities in the
initially oxidized and reduced parts in magnetite-free couples respectively.
Gray circles represent diffusivities from magnetite-bearing couple. Points in
blue solid rectangule are used to calculate fO,-exponent p. Vertical yellow
and light green shaded regions indicate fO, at NNO and FMQ equilibrium at
1,373-1,573 K and 1 GPa, respectively.

Grain size of olivine in oxidized part before diffusion is usually comparable
to or a little bit larger than that in reduced part, while for diffusion couple
at 1,573 K it is opposite (Table S1 in Supporting Information S1). After
diffusion experiment, grain size of olivine in oxidized parts is 2.5-4.8 pm,
with grain growth usually <40%. Significant grain growth occurs in three
couples whose grain growth reaches or exceeds 100% (Table 1). For olivine
in reduced part, grain size after diffusion is 2.2-4.8 um. Their grain growth
is <20%, indicating no significant grain growth during diffusion annealing.
Grain boundaries in oxidized part are easy to identify, while those in reduced
part are not (Figure 1).

SO, profile as function of distance from initial contact interface from 1,373 to 1,573 K (Figure 2) indicate one-di-

mension asymmetric diffusion in infinite space for magnetite-free couple. In X, profile, only data points caused

by redox kinetics in olivine is plotted (Figure 3). In the left side, X, increases mildly over long distance (total

length of sample thickness), then increases rapidly until the profile reaches its end and levels out in the right side.

Usually longer diffusion length was observed in the oxidized part. Shift of Matano interface for magnetite-free

couple is negligible, especially for runs with short duration (Figures 3a and 3b), indicating similar redox kinetics

in two parts. With increasing duration, larger shift is observed (Figure 3c).

Diffusion coefficients obtained against Xp, show that diffusivity increases with increasing temperature (Figure 4),

while time-series runs annealed at 1473 K shows almost constant diffusivities within 4% deviation (Supplemen-

-11.5
P=1GPa
Q T=1373-1573K
r N fO,=AIW+1.1to +8.4
12 N
L N N
— S O
< N 23556 kJ/mol
E L. | S
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@ 1373K,30h
| @ 1473K, 12 h, Magnetite-bearing
ass b e
0.6 0.65 0.7 0.75

1000/T (KY)

Figure 5. Diffusion coefficient as a function of reciprocal temperature.
Yellow, green and blue colored circles are from averaged diffusivities in the
reduced part of magnetite-free couples, with fitting line shown in dashed black
line. Gray square is averaged diffusivity from magnetite-bearing couple.

tary Figure S6 in Supporting Information S1). In magnetite-free couple, two
different features can be identified. One is fO,-independent diffusivity below
NNO buffer in the reduced part shown as nearly constant line after removing
obviously up-bending diffusivities at reduced end (Figure 4). The other is
SfO,-dependent diffusivity in the oxidized part above NNO buffer shown as
increased diffusivity with decreasing X, (increasing fO,). For the former,
averaged diffusion coefficient below NNO buffer, excluding up-bend points
influenced by Pt capsule, is used as the final value (Table 1). Activation
enthalpy (AH) is obtained (Figure 5) through fitting of diffusion coefficient
(D) to the Arrhenius equation:

D = Dyexp (_%) ©)

where D, is pre-exponential factor, k is the Boltzmann constant, T is absolute
temperature. It yields AH = 235 + 56 kJ/mol and log D, = —4.07 + 1.98 m?s.
For the latter, a linear relationship is found at 1473 K (blue line rectangle in

Figure 4) with the fO,-exponent p calculated to be 2/5 following the equation
D= D(>f£7exp (—ﬂ)

kT
In magnetite-bearing couple, diffusivity is fO,-independent across the
entire fO, range (Figure 4), thus an averaged value over the whole fO, range
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Figure 6. Diffusion coefficient in oxidation process below NNO buffer compared with diffusivities of other elements in
olivine. Green region indicates Mg grain boundary diffusion, yellowish region Fe-Mg interdiffusion, pink region Mg lattice
diffusion and gray region oxygen lattice diffusion. Except one data marked 1 GPa, others are obtained at room pressure.

(excluding up-bend end points) was used in later calculation. No diffusion is observed in the oxidized part, but
within the reduced part a symmetric and complete fO, diffusion profile is observed (Figure 2d). fO, in oxidized
part is lowered by 1.3 log units in general. SEM observation revealed that magnetite corona enclosing Pt alloys
almost disappeared after diffusion annealing and the amount of small scattering magnetite particles in matrix
reduced significantly (Supplementary Figure S7 in Supporting Information S1). The significantly shifted Matano
interface (Figure 3d) could be caused by the fact that decomposition of magnetite is much faster than reduction of
olivine, resulting in larger kinetic contrast compared with magnetite-free couple. The calculated diffusion coeffi-
cient lies on the fitting line of magnetite-free couples (Figure 5), which indicates the same redox mechanism with
that in reduced part of magnetite-free one.

4. Discussion
4.1. Redox Mechanisms of Olivine Aggregates

Magnesium site in olivine is strongly incompatible to trivalent ions (e.g., Fe**) while more compatible to diva-
lent ion with similar size of Mg?* (e.g., Fe?*). Thus, oxidized olivine with large amount of Fe3* would be more
sensitive to changing fO, due to its structural instability, which resulted in faster re-equilibrium during electrical
conductivity and isothermal relaxation measurements (Ullrich & Becker, 2001; Wanamaker & Duba, 1993). A
four-times faster reduction rate that corresponds to 0.6 log unit difference in diffusivity compared with oxidation
rate is also demonstrated in our present study (Figure 4). Therefore, oxidation and reduction processes in olivine
are probably governed by different mechanisms in magnetite-free couple.

In this study, diffusion coefficients obtained at 1,373-1,573 K during oxidation process in the reduced part
below NNO buffer are in the range of 10711°-107133 m?%/s with AH of 235 + 56 kJ/mol (Figure 5). Oxygen lattice
diffusion coefficient on the order of 1078 to 1072 m?/s (Costa & Chakraborty, 2008; Dohmen et al., 2002; Fei,
Wiedenbeck, et al., 2018) can be excluded due to its extremely slow diffusivity (Figure 6). Because of apparent
involvement of Fe and Mg, Fe-Mg interdiffusion from previous studies are also plotted for comparison (Figure 6).
AH averaged from geometric mean value of three axes ranges from 177 to 301 kJ/mol (Dohmen et al., 2007;
Jurewicz & Watson, 1988; Nakamura & Schmalzried, 1984), which is similar to that obtained in this study. But
their diffusivities are 2.5-6 orders of magnitude slower. H,O in olivine was shown to increase Fe-Mg inter-dif-
fusivity by approximately 1.5 orders (Hier-Majumder et al., 2005). However, it is difficult to compensate for the
large gap, given the extremely low H,O in the present study (Figure S4 in Supporting Information S1). Besides,
factor of fO, dependence which is between 1/4 and 1/6 for Fe-Mg interdiffusion (Dohmen et al., 2007) also
contradicts with fO,-independent property here. Thus, Fe-Mg interdiffusion is unfavorable for oxidation process.

Diffusivity of Mg grain boundary diffusion (GBD) is comparable to oxidation rate (Figure 6). However,
it had high AH (376 kJ/mol) when trace amount of hydrogen existed (Farver et al., 1994). In Arrhenius
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300 equation, similar pre-exponential factors relate to comparable atomic jump
[ @ AHin previous study distance or frequency, while different activation enthalpies usually suggest
E : (=] Composition in this study ® different diffusion mechanisms. Thus Mg GBD can be ruled out as the
> 250 1 dominant mechanism. For oxygen GBD in forsterite (Condit et al., 1985),
- B 1= when the effective grain boundary width in previous study is corrected to
iu' o0 [ @ 1 nm (Dohmen & Milke, 2010), it is on the order of 10~'2 m?/s, consistent
‘g with diffusivity in oxidation process in the present study. However, its AH
g was previously reported as 367 + 314 kJ/mol with significant error (Condit
E 150 [ el e et al., 1985). If two abnormally high diffusivities related to melt or penetra-
'g—; L e sco tion of oxygen along cracks were removed, the other two remaining points
y =-0.0003x° + 0.0898x" - 5.5063x + 239.25 yield AH of 324 kJ/mol, which is only a little bit larger than that in oxida-
100 A f . i ) tion process (235 + 56 kJ/mol) in this study. This discrepancy might be due
0 20 40 60 80 100 to their extremely rare data points or the absence of iron in their sample

Fo content in olivine (%)

used for oxygen GBD (Condit et al., 1985). Diffusivity of the same order

was also found for Fe loss from San Carlos olivine to metal capsule (Faul

Figure 7. AH of reduction process in olivine versus forsterite component from et al., 2017), which was also ascribed to oxygen GBD. The produced O,
previous studies. Dotted line is polynomial fitting of composition-dependent diffused into sample and resulted in similar fO, profile observed in this study

AH with fitting equation marked below it. Light green region indicates AH
range of San Carlos olivine. For more detail, see in Supporting Information S1.

(Figure 2). Therefore, we expect that oxidation process in reduced part of
diffusion couple is driven by oxygen GBD, with O, source originating from
the reduction of olivine in its counter oxidized part.

For reduction process above NNO buffer whose diffusivity is up to 0.6 log unit higher, its AH cannot be deter-
mined from the present study. In the absence of solid graphite, CO and H, gas, reduction process of San Carlos
olivine could be controlled by diffusion in the bulk (Ullrich & Becker, 2001). When a same mechanism is
assumed, AH for reduction process in previous studies exhibits a parabolic relationship with respect to forsterite
content in olivine (Figure 7). It yields an estimated AH of ~250 kJ/mol for reduction of San Carlos olivine (Foy,)
used in this study. With elevated diffusivity compared with oxidation process, the possible dominating diffus-
ing species in reduction process might be hydrogen related with Mg vacancy whose AH is about 274 kJ/mol
(Padrén-Navarta et al., 2014). It was shown that even the water content was extremely small on Mg site (<10 wt.
ppm), hydrous defects related to Mg vacancy could diffuse on the order of 10~'!7 at 1473 K. Reactions with the
opposite direction below (Faul et al., 2017):

3Fem™ + FeSiO; + 1/2 0O, = VM”42 Feu + Fe,SiOy4 7
Fem™ + Siij + 1/2 0O, + 1/2 Fe,Si04 = Fey™ + Fesi” + 3/28i02, (8)

minimizes the concentration of metal vacancies, resulting in a slight shrink of crystal volume and thus visible
grain boundaries (Figures lc and 1d). Moisture trapped at the contact interface diffuses into olivine crystal
through grain boundaries, which in turn facilitates redox process in the oxidized part, resulting in hydrogen diffu-
sion-controlled redox mechanism. The strong fO, dependence here could attribute to different site occupancies
for hydrogen diffusing species in order to meet charge neutrality conditions (Nishihara et al., 2008).

fO,-dependent oxidation is also observed above NNO buffer at 1473 K in magnetite-free couple, whose diffusion
coefficient connects with that in reduction process smoothly (points marked 5 hr in Figure 4), implying a same
mechanism with reduction process above NNO buffer, that is, hydrogen diffusion related with Mg site. Therefore,
it seems that the real-time fO, during diffusion annealing plays the decisive role in determining redox mecha-
nism, whose cut-off point is around NNO buffer (between AFMQ + 0.5 and + 1). However, in magnetite-bearing
couple, oxygen GBD dominates across the whole fO, range investigated, regardless of real-time fO,. One possi-
bility to explain this inconsistency is that O, produced by reduction of magnetite fills grain boundaries of olivine
aggregate before hydrogen is supplied from the contact interface.

In summary, redox process in magnetite-free olivine aggregate is controlled by oxygen GBD below AFMQ + 1
buffer, while it is rate-limited by faster diffusion species which might be hydrogen related Mg vacancy above
AFMQ + 1. For the magnetite-bearing couple, oxygen GBD dominates across all the investigated fO, range.
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Figure 8. Oxidation length of the upper mantle as a function of temperature
corresponding to geotherm at different depths. Numbers indicate the
accumulative contact duration of slab with the surrounding upper mantle.
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4.2. Implications for Oxidation Extent of the Upper Mantle by Slab
and Possible Oxygen Budget in Deep Earth

as an oxidant. However, its redox state as well as that of mantle wedge can be

changed due to migration of fluids released by dehydration reactions within

/ Oxidized subducting slab has the ability to alter redox state of reducing mantle
Contact duration (Ma) /

slab at the initial stage of subduction. One index to evaluate redox state of
slab and mantle wedge is Fe valence state. Chen et al. (2019) suggested that
significant amount of Fe** in the mantle wedge was reduced to Fe?* by reduc-
ing fluid derived from dehydration of serpentinite. On the contrary, some
studies showed that dehydration of serpentinite can release more oxidized
fluids (Debret et al., 2015; Evans et al., 2017), which played an opposite
role to oxidize Fe2t. At this moment, it is difficult to evaluate how much

these dehydration reaction processes vary redox budget of subducting slab.
1500 1700 But even if we assume that the amount of Fe3* reduced in slab outweighs
T(K) that of Fe?* oxidized, the extremely low solubility of Fe in NaCl solution
(<0.01 M; Althaus & Johannes, 1969; Khodorevskaya & Aranovich, 2016;
Wykes et al., 2008) makes the influence of such reactions on redox state of
slabs negligible. Recent studies revealed that other multi-valence elements
such as S and C are mostly retained within slab (Galvez et al., 2013; Piccoli
et al., 2019), demonstrating little effect on the change of redox state of slab.
Therefore, the subducted slab may maintain an oxidized state after the major

dehydration process.

Spinel or garnet peridotite assemblages of xenoliths from subduction settings show fO, from AFMQ + 1.5 to —1
(Frost & McCammon, 2008). fO, of surrounding upper mantle, which is mainly constituted by olivine and pyrox-
ene, varies from FMQ equilibrium to ATW-1.5 (Rohrbach & Schmidt, 2011). Thus, there will be redox process
between the upper mantle and subducting slab and the former will be oxidized by the latter through oxygen GBD
in olivine (see Discussion Section 4.1 for detail). Since slab continues subducting at a steady rate in the present
Earth (Butterworth et al., 2014), it can be treated as an oxygen supplier with nearly constant fO, which can contin-
uously oxidize the contacting surrounding mantle. Oxidation extent of the upper mantle at certain depth can thus
be acquired by calculating diffusion length using the equation L = 2\/51 where D is the diffusion coefficient and
t is the contact duration between mantle and subducting slab, when temperature is known (Figure 8). The effect
of pressure on redox kinetics was not considered. The oxygen GBD could have negative pressure dependence
as well as other elements in olivine (Farver et al., 1994; Fei, Koizumi, et al., 2018). Thus, extrapolation of our
data to high pressure would yield the upper limit of oxidation length in the upper mantle when temperature at
the 410-seismic discontinuity was fixed at 1830 K for the normal mantle adiabat geotherm (Katsura et al., 2010).
When slab passes through this depth for 100 Ma, only 462 m of the upper mantle can be oxidized. Even if slab
starts subduction and passing through the upper mantle for 4.5 Gyrs, the maximum diffusion length is less than
4 km (Figure 8). As surface temperature of real slab is much lower than normal mantle geotherm used above,
diffusion process will contribute even less to the oxidation extent of the upper mantle under water-undersaturated
condition. This explains why fO, of the uppermost mantle is rarely changed over past 3.5 Gyrs (Canil, 2002; Li
& Lee, 2004). That is, the unchanged fO, of the uppermost mantle in the past geological time is due to extremely
sluggish redox process rather than the speculation that mantle serves as an infinite redox buffer.

Recent stratigraphic and geochemical studies suggested that some relicts of subducted material operated 4.4 or
3.8 Gyrs ago (Turner et al., 2014). Episodic subduction till 2.1 Gyrs (Liu et al., 2019) and extremely dynamic
mantle convective flow prevents slab from reaching deep Earth and renders redox process between deep upper
mantle and subducting slab insufficient, which further decreases the diffusion length and redox budget in slab
consumed by the uppermost mantle. Therefore, redox budget could have been retained within ancient slab frag-
ments which resulted in contrastingly different fO, signatures observed in mid-ocean ridge basalts (MORBs;
Bryndzia et al., 1989; Cottrell & Kelley, 2011; Lee et al., 2005), coupled with other geochemical signatures such
as Os, Sr, Pb, and Nd isotopes in mantle heterogeneities due to slow diffusion processes (Kogiso et al., 2004).

The slow redox process prevents subducting slab from being efficiently reduced, which suggests that it can trans-
port oxidized components to the mantle transition zone or the lower mantle as an effective oxidant as indicated
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by seismic tomography (Fukao & Obayashi, 2013). To calculate the total redox budget brought by Fe in slab, it is
reasonable to define metallic phase as the reference since fO, in the deep upper mantle is below IW equilibrium
from beyond 8 GPa (~240 km; Rohrbach & Schmidt, 2011). Assuming (a) total length of subduction zone is
44,450 km (Jarrard, 2003); (b) average subduction rate is 13 mm/y (Butterworth et al., 2014); (c) olivine is the
main mineral in unserpentinised lithospheric mantle with Mg# equals to 90; (d) Fe3* content in olivine is negligi-
ble, Fe?* flux in 100 km-thick unserpentinised lithospheric mantle is calculated to be 156.4 x 10'2 mol/y. Previ-
ous study showed that Fe3* and Fe?* fluxes from sediments, crust and serpentinized lithosphere were 15 x 10'2
and 39.6 X 10'> mol/y respectively (Evans, 2012). Therefore, a total Fe?* flux of 196 x 10'2> mol/y and Fe3*
flux of 15 x 10" mol/y are obtained. Since metallic phase is defined as the reference state, both Fe3* and Fe?*
contribute to redox budget of Fe in slab. In the present study, it is the total amounts of electrons required to
bring both Fe?* and Fe?* to metallic phase, where 2 mol of electrons are required for Fe?* and 3 mol for Fe3*,
respectively. Therefore, total redox budget from Fe flux in slab is 437.1 x 10'> mol/y. It gives the maximum
amount that slab can bring to deeper Earth, which is equivalent to 109.3 x 10'2 mol/y oxygen gas (O,). If
magnetite which contributes most of Fe3* decomposes at shallow depth before reduction process operates in
olivine aggregate as indicated by magnetite-bearing couple (Figure 2d), the redox budget brought into deep
Earth will decrease to 392 x 10'> mol/y, which is equivalent to 98 x 10'2 mol/y O,. If minerals at the transition
zone fails to absorb most of oxidized components in slab, a highly underestimated oxygen reservoir could be
present in the lower mantle, as indicated by P-wave tomography that some slabs descend well into the deep lower
mantle (Fukao and Obayashi., 2013). If oxidized components reach the core-mantle boundary, it may contrib-
ute to negative tungsten isotopes recorded by ocean island basalts (OIBs) such as Iceland and Hawaii (Mundl
et al., 2017; Yoshino et al., 2020).

5. Conclusions

We investigated redox kinetics of olivine adopting diffusion couple method at 1 GPa and 1,373-1,573 K using
a piston cylinder apparatus. It is found that redox process in olivine is diffusion-controlled, and diffusing on the
order of 10712 m%/s at 1,473 K. Oxidation process in the initially reduced olivine (IW buffered) is oxygen fugacity
(fO,)-independent with activation enthalpy of 235 + 56 kJ/mol. Reduction process in the initially oxidized olivine
(NNO buffered) is fO,-dependent with an fO, exponent of 2/5. Diffusion profile analysis reveals that below
AFMQ + 1, redox process in olivine is controlled by oxygen GBD, while above AFMQ + 1, it is rate-limited
by faster diffusion species which might be hydrogen related Mg vacancy. For magnetite-bearing couple whose
diffusion profile only exists in the initially reduced part, oxygen GBD controls oxidation process over the whole
SO, range investigated.

Oxidation extent of the upper mantle at certain depth can be acquired by calculating diffusion length resulted
from redox kinetics of olivine. When slab passes through the lowermost upper mantle just at atop of the transi-
tion zone for 100 Ma, only 462 m of the surrounding mantle can be oxidized. Even if slab starts subduction and
passing through the upper mantle for 4.5 Gyrs, the maximum diffusion length is less than 4 km. The extremely
sluggish redox process explains why fO, of the uppermost mantle is rarely changed over past 3.5 Gyrs. Redox
budget could have been retained within slab fragments which resulted in contrastingly different fO, signatures
observed in mid-ocean ridge basalts (MORBs). When slab subducts into the lower mantle as indicated by P-wave
tomography, a highly underestimated oxygen reservoir could have been formed if minerals at the mantle transi-
tion zone fails to absorb most of oxidized components brought by slab.

Data Availability Statement
The EPMA data set generated during the current study are available at DOI: https://10.17605/0SF.I0/WMZKB.
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