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Water in the mantle transition zone and the core-mantle boundary plays a key role in Earth’s stratifica-
tion, volatile cycling, and core formation. If water transportation is actively running between the afore-
mentioned layers, the lower mantle should contain water channels with distinctive seismic and/or
electromagnetic signatures. Here, we investigated the electrical conductivity and sound velocity of &-
FeOOH up to 71 GPa and 1800 K and compared them with global tomography data. An abrupt three-
order jump of electrical conductivity was observed above 50 GPa, reaching 1.24(12) x 103 S/m at
61 GPa. Meanwhile, the longitudinal sound velocity dropped by 16.8% in response to the high-to-low spin
transition of Fe3*. The high-conductivity and low-sound velocity of e-FeOOH match the features of
heterogenous scatterers in the mid-lower mantle. Such unique properties of hydrous e-FeOOH, or possi-
bly other Fe-enriched phases can be detected as evidence of active water transportation in the mid-lower
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mantle.

© 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

A substantial ocean mass of water may reside in Earth’s deep
interiors [1,2]. For example, the mantle transition zone is the home
to water-bearing wadsleyite and ringwoodite, and is regarded as a
major water reservoir in the deep Earth [3]. The core-mantle
boundary, which separates the solid mantle and the liquid outer
core, is reported to have water in specific zones where H is further
transported and infiltrated to the core through mineral chemistry
reactions [4]. If water is transported from the hydrous transition
zone to the core, the mid-layer, with a great portion belonging to
the mid-lower mantle (660-1700 km), should leave clues of water
transportation detected by global tomography data. For this pur-
pose, the location of hydrous pocket, the abundance of water,
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and the mineralogy of water-bearing phases are constrained by
their seismic [5] and/or electromagnetic [6] properties. The incor-
poration of hydrous phase may explain large-scale seismic struc-
tures in the deep lower mantle [7]. Hundreds of kilometers
above, the mid-lower mantle is regarded as nominally seismically
and electrically homogeneous [8], and only small-scale hetero-
geneity could exist [9-11]. Such heterogenous scatterers may be
responsible for water transportation.

The electrical conductivity (EC) and seismic wave velocity pro-
files of Earth’s lower mantle have been mapped out using global
three-dimensional (3D) and one-dimensional (1D) induction and
seismic studies [8,9,11,12], in which a couple of areas in the mid-
lower mantle with abnormal EC and velocity values were located.
The global 3D model showed high conductivity scatterers with up
to 10> S/m at depths of 900-1400 km beneath eastern Africa,
South-east Asia, and Eurasia, in stark contrast to some large low
conductivity areas (1072 S/m) under the Australian region, Wes-
tern Africa, near Japan, north and central America [8,12]. At similar
depths (800-1300 km), slow seismic velocity scatterers were
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found in Central America, the Indian subcontinent, and South Paci-
fic [10]. The tomographic information is visualized in the refer-
enced multi-dimensional maps of Fig. 1, showing the variations
of seismic and EC on the global scale. The two maps of seismic
velocity and EC were then overlayed in different color scales to
highlight scatterers with both high conductivity and low-velocity
properties (Fig. 1a). However, sourcing those double-constrained
anomalies is technically challenging [14]. The ECs of major miner-
als including bridgmanite (Bgm) and ferropericlase (Fp) leave a
notable gap with the high EC values in mid-lower mantle scatterers
[15,16], even considering iron/aluminum-bearing effects [15].
With the further constraints from sound velocity properties (e.g.,
longitudinal (V) and shear (Vs) velocity), very few mineral phases
are known to be responsible for those observations, which feature
both low V}, and high EC [17].

Seismological anomalies in the mantle, such as pervasive
scatterers throughout the mid-lower mantle (from 800 to
1300 km) [10], are often correlated with abnormal EC values.
Therefore, coupled EC and sound velocity measurements from
mineralogy experiments provide robust constraints on the min-
eralogy origins. Recent studies suggested that iron-enriched
materials or dense hydrous phases may be responsible for such
observations. For example, the subducted oceanic crust may con-
tain a large amount of water [7] and contribute to the high elec-
trical conductivity [6] and high-velocity heterogeneities in the
mid-lower mantle [10]. The enrichment of ferric iron in the
lower mantle is another critical factor. The iron end members
such as Fe,0O5 [18] and the superionic FeO,H [19,20] are highly
conductive at the relevant pressure-temperature (P-T) conditions
of the bottom lower mantle. The seismic (6InVs/dInV},) of pyrite-
type FeO,H, also exhibited excellent agreement with the ultra-
low velocity zones at the margin of large low shear velocity pro-
vinces (LLSVPs) [5]. The polymorphic transition from g-FeOOH to
pyrite-type FeO,H and the following dehydrogenation suggest a
journey of transporting FeOOH throughout the entire mantle,
which may generate heterogeneity along its way in the mid-
lower mantle. In this work, we observed high EC and low V,
of &-FeOOH in the mid-lower mantle conditions and the minor
mineral e-FeOOH may serve as one of the water-bearing phases
to carry water down to the lowermost mantle.

2. Results
2.1. Electrical conductivity of ¢-FeOOH under pressure

High-pressure EC experiments of e-FeOOH were performed up
to 61.2 GPa in a diamond anvil cell (DAC) (Fig. 2a, Table S1 online).
Under high pressure and ambient temperature conditions, we used
impedance spectroscopy to measure the resistance (R) and then
calculated its EC (details in Methods). The errors of the measured
resistances in the Nyquist plot fitting were less than 1%
(Table S1 online). Our results show that the EC of &-FeOOH is
6.26(62) x 1073 S/m at ambient conditions and monotonously
increases to 4.7(5) x 107! S/m by pressurizing to around 43 GPa
at room temperature. At approximately 45 GPa, it suddenly
jumped up and reached 1.24(12) x 10®> S/m at 61.2 GPa (Fig. 2a).
The trend of EC in compressed e-FeOOH was reproduced in two
additional runs of experiments (Fig. 2). Such high EC is comparable
to metallic compounds, for example, FeO (4.8(12) x 10* S/m at
~70 GPa and 1850(180) K) [21] and FeH, (~4 x 10°> S/m at
25.5 GPa and 200 K) [22].

We also conducted parallel EC measurements for 5-AIOOH and
v-AlOOH to investigate the effect of Fe**. For 5-AlOOH, its EC is
nearly invariantly correlated with pressure up to 51(2) GPa
(Fig. 2a). The EC of y-AlOOH climbed with increasing pressure. In
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contrast to e-FeOOH, the abrupt increase of EC at above 40 GPa
was absent in both aluminum end members (Fig. 2). Therefore,
the soaring EC in e-FeOOH is likely due to the Fe cation and possi-
bly the electronic spin transition (e.g., between 40 and 60 GPa) or
the previously reported second-order phase transition from P2;nm
to Pnnm (43 GPa) [23].

We then studied the temperature effect on the EC of e-FeOOH
under high pressure (Fig. 2b). At pressures below 35.5 GPa, the
EC of €-FeOOH and temperature is positively correlated at least
to 1500 K, which is a typical feature of semiconductor [24]
(Fig. 2b and Table S2 online). The results are also consistent with
previous studies at lower pressures using a Kawai-type multi-
anvil press [25]. At above 50 GPa, the correlation between the
EC and temperature was reversed. By laser heating to 1800 K,
the EC of &-FeOOH decreased by approximately a factor of two
compared with that at ambient temperature. This reduction of
EC was robustly reproduced in three independent runs of
laser-heating experiments and also agreed with an external heat-
ing experiment up to 500 K in a resistance-heated DAC (Fig. S1
online). This is clear evidence of a semiconductor-metal transi-
tion in &-FeOOH [26].

The Nyquist plots also provide key information on the progress
of the phase transition in e-FeOOH (Fig. 3a, b). Semiconductor &-
FeOOH has one semi-circle in the high-frequency region (Fig. 3a).
The type of conduction mechanism belongs to the small polaron
hopping conduction, similar to other hydroxide or hydrous miner-
als [27]. At 53.5 GPa, a second semi-circular arc appeared in the
low-frequency region next to the main circle (Fig. 3b). The onset
of the second arc is attributed to grain boundary resistance [24]
and was previously regarded as a symbol of the charge carrier
transportation anisotropy in the crystallites [28]. While both
in situ X-ray diffraction experiments and literature data indicate
that e-FeOOH is a stable phase throughout the pressures investi-
gated by the present study [23,29] (Fig. S2 online), the second
arc is most likely originated from the spin-pairing of Fe3* [23],
which may create a mixed spin-state.

2.2. The metallization of ¢-FeOOH from theory

We then conducted comprehensive density function theory
(DFT) and dynamic mean-field theories (DMFT) calculations to
reveal the underlying electronic transition. Our computed band
structure showed that the Fermi level crossed the valence band
when the unit cell volume was below 51.27 A3 (or 50 GPa from
DFT) where e-FeOOH was in a low-spin configuration. The bandgap
closure signifies clear evidence of metallization (Fig. 3¢, d, and
Fig. S3 online). The metallization is mainly associated with the
redistribution of Fe d orbitals and shifting Fermi level to the
valence bands due to the suppression of the Mott-Hubbard energy
upon entering the low-spin state of Fe3*, analogous to Fe,03 [18]
and BiFeOs [30]. Our results are consistent with a recent spectro-
scopic study on the bandgap energies of e-FeOOH under pressure,
which showed a pressure-induced bandgap reduction at spin tran-
sition pressures [26]. It is reported that thermal or large quantum
fluctuations between the high and low-spin states can be enhanced
by the presence of a wide 4s band right above the Fermi level,
which may result in the outward expression of the conductive
mechanism changing from small-polaron hopping to the free-
electron conduction (the conduction mechanism of metal) in
e-FeOOH [21]. Similarly, our experiment confirmed the
co-existence of two conduction mechanisms. During the spin tran-
sition, the arc at the low-frequency region became insignificant
with increasing pressure (Fig. 3b), indicating that the free electron
model started to dominate. Such waxing and waning also implies
the progression of the spin transition and may further influence
its seismic features.
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Fig. 1. Modeling of the heterogeneous electrical conductivity (EC) and P-wave seismic velocity at the layer of 1220 km in the mid-lower mantle. (a) Combined EC and V,
model. (b) The conductivity model is from Tarits and Mandéa [12]. (c) The P-wave model is from Becker and Boschi [11]. Red areas represent the high EC with low seismic
velocity scatterers, blue areas represent the low EC with high-velocity scatterers, yellow areas represent the high EC with high-velocity scatterers, and green areas represent
the low EC with low-velocity scatterers. Brown red lines are the schematic subduction zones and divergent boundaries [13]. The three black arrows are CAS: Cascadia slab,
PER: Peru slab, and HEL: Hellenic slab.
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Fig. 2. Electrical conductivity of e-FeOOH at high pressure-temperature. (a) Electrical properties of e-FeOOH, y-AIOOH, and §-AlOOH versus pressure at 300 K. The EC of &-
FeOOH jumped higher at 50 GPa. The errors of EC are no more than 10%. Pressure uncertainty is + 0.5 GPa. (b) The EC of e-FeOOH as a function of temperature at high pressure.
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Fig. 3. Selected Nyquist plots of e-FeOOH under compression and the calculated band structure and density of states at ambient and high pressure. (a) The equivalent circuit
consists of a single part of one resistor and one constant phase element (R-CPE) in parallel below 50 GPa; (b) at 53.5 GPa, the equivalent circuit splits into three parts. The solid
curves in (a) and (b) are the corresponding fitting curves with equivalent circuits shown in the corner or top of the figure. (c) Calculated band structure and density of states of
&-FeOOH at fixed volumes of 66.20 (c) and 48.18 A® (d) with temperature at 300 K, where the lattice volume corresponds to ambient pressure and 50 GPa, respectively. The
projected density of states is plotted in Fig. S3 (online). At ambient pressure, e-FeOOH is a narrow gap (0.65 eV) semiconductor. At 50 GPa, e-FeOOH is a correlated metal, and

the onset of Fe d orbitals mainly contributed to the metallization of &-FeOOH.

2.3. Sound velocity of ¢-FeOOH across the spin-transition region

In addition to our EC measurements, we measured the V,, of &-
FeOOH at high P-T by hypervelocity impact using a 25-mm-bore
two-stage light-gas gun at the Institute of Atomic and Molecular
Physics, Sichuan University (see Methods online). The measured
Vp increased with pressure up to 42.8(20) GPa (Fig. 4). With further
increasing pressure, it dropped by 16.8% at pressures of 45-60 GPa
(Fig. 4 and Table S3 online), where the spin transition of Fe**
occurred [33]. Finally, the V}, could recover to a normal level at
pressures beyond the spin transition [33]. The change of V,, was
verified by our first-principles simulation based on the vibrational
virtual crystal model (see Methods online), which qualitatively
reproduced the softening of V, upon the mixed spin states
(Fig. 4). Compared to the Preliminary Reference Earth Model
(PREM), the V,, of &e-FeOOH is up to 29.5% lower at 53(2) GPa and
1100(100) K which has been occasionally found in the mid-lower
mantle [17]. Our results confirmed that the electronic transition
of €-FeOOH not only significantly increases its EC but may also
exhibit strong anomalies in its sound velocities.

It is worth noting that the EC and sound velocity are two major
variables that can be directly monitored from the surface as con-
straints to the physical properties of Earth’s deep interiors. The
EC of low-spin, metallic e-FeOOH is nearly two orders of magni-
tudes higher than that of iron-bearing bridgmanite (Bgm) at
50 GPa and 1800 K (Fig. S4 online). Compared with other ferric sys-
tems, for instance, the Mggg3Feg21AlgsSing103 [15] and Mgg go-
Feo.40Si0.63Al03703 Bgm [34], the increment of EC in FeOOH is
much more substantial, owing to the Mott-type semiconductor
to metal transition.

3. Discussion and conclusion

Spin transition theories in the mid-lower mantle were proposed
almost two decades ago [35] and had profound implications for
interpreting lower mantle heterogeneities. Previous studies show
that the effects of spin transition on its physical properties are
highly dependent on the iron content and the site of Fe in the lat-
tice [18]. For example, the A-site of the perovskite-structured
phases in iron-bearing Bgm is more pressure-reluctant to enter
the low-spin state than the B-site, making its valence and spin
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states “invisible” [36]. Spin-paring of Fe?* is also reported to lower
the EC of Fp across the high-low spin transition regime as the low-
spin state slows the mobility of the charge transfer carriers [16]. In
our case of &-FeOOH, the low-spin state exhibited a dramatic
decrease in the Mott-Hubbard energy, which eventually led to an
electronic transition from semiconductor to metal [18,30].

Similar to the spin transition of Fp and iron-bearing Bgm, our
measured mixed spin-state induced a much more substantial drop
in V}, than the seismic variations (up to 4%-5%) of the mid-lower
mantle derived by seismology [17]. This is because the softening
of the mixed spin-state on seismic velocities is attenuated at
higher temperatures [37] (Table S3 online). The most prominent
reduced V;, in the mid-lower mantle found in the Cascadia slab
(CAS, the subducted depth may reach ~1500 km), Peru slab (PER,
the depth is ~1500 km), and Hellenic slab (HEL, the depth is
~1000 km) [13] are reasonably explained by the occurrence of a
mixed spin-state of iron. However, seismic data alone is not
enough to further distinguish the mineral composition.

The electrical conductivity change provides a second layer of
constraint in predicting the mineralogical origin of heterogenous
scatterers in the mid-lower mantle. This is important as the
multi-dimensional mapping of lower-mantle properties is funda-
mental to understanding the accretion, differentiation, and ther-
mochemical evolution of our planet. Echoing the global
tomographic data (Fig. 1a), regions colored in red with high EC
and low V,, are found beneath the South-east Indian Ocean, India,
Mediterranean, South Atlantic, Northern South America, and
Northern North America at the mid-lower mantle [12]. The
increase of EC with depth in those scatterers is much greater than
other regions in the mid-lower mantle [38]. To our best knowledge,
this fits the trend of EC in &-FeOOH, and possibly its dehydrated
Fe,03 [18], both of which have shown metallization in the sensitive
pressure regimes. While the electronic phase transition in Fe,0s is
site-selective and has a higher (>72 GPa) spin transition pressure
[18], the reduction of V,, by the mixed spin-states is unlikely apply-
ing to Fe,0s3.

The correlation of abnormal EC and V|, scatterers has an intrigu-
ing coincidence with the location of tectonic plates (Fig. 1a). Sub-
duction slabs are dynamic sites of mass and energy exchange in
between the Earth’s surface and its interiors. The delivery of crustal
materials to the mantle follows different types of subducted
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Fig. 4. Sound velocities of e-FeOOH at high pressure-temperature conditions. The solid brown squares represent our determined V,, by shock compression experiments. The
solid blue squares and circles represent V,, and V; of e-FeOOH at high pressure and room temperature by Ikeda et al. [31], respectively. The open orange squares and circles
represent our calculated V;, and V; at high pressure and 900 K, respectively. The open green squares and circles are V;, and V; at high pressure calculated by Thompson et al.
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brown dash-dotted line is a guide to the eye, showing the trend of our experimentally determined V,,. The light-yellow shaded area (46-60 GPa) stands for the spin transition

zone with a mixed-spin state.

processes, such as metamorphism, metasomatism, and magma-
tism, which will cause heterogeneity in the chemical composition
[39] and lead to velocity and EC anomalies. The low V,, anomaly
is generally 4% slower in those slabs [11,40], which, from a miner-
alogy perspective, is possibly induced by the incorporation of some
minor phases. Many other possibilities can also cause EC or seismic
heterogeneity. For instance, hot mantle upwelling could result in
sub-slab low-velocity anomalies [40]. However, the evolution of
EC will help us to further refine the available sources. We noticed
that many high EC, low V,, scatterers described above are located at
the slab beneath subduction zones such as CAS, PER, and HEL that
extend to the mid-lower mantle [13]. High-pressure mineral phy-
sics experiments by McCammon et al. [41] also support that the
concentration of Fe** and water content is positively correlated,
such that those scatterers are likely to be enriched in water and
ferric iron. On the basis of our analysis, the concentration of &-
FeOOH may be much higher than previously thoughts in such scat-
terers. If we assume a scenario of mixing e-FeOOH to a mid-oceanic
ridge basalt (MORB) composition at the bottom of subduction
slabs, 5%-10% of e-FeOOH to a MORB composition yields a total
EC of 11.2 £ 1.6 to 12.5 + 1.8 S/m at 51 GPa by using the simple
averaging theorem [42]. Meanwhile, the 5%-10% mixture can also
lower the velocity of MORB to explain the V,, perturbation (Fig. 1c)
in the mid-lower mantle [43]. At a deeper depth beyond the stabil-
ity of e-FeOOH, it will decompose and/or carry over water to other
dense hydrous phases [44-46]. The local enrichment of e-FeOOH in
the mid-lower mantle may be responsible for connecting the water
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in the mantle transition zone and the core-mantle boundary.
Therefore, the accurate location and abundance of e-FeOOH in
the deep mantle have important implications for the water cycling
throughout mantle.

To sum up, high pressure alters the spin state and electron con-
duction mechanism from semiconductor to metal in &-FeOOH.
Double constraints from high EC and low V,, make it a compelling
candidate to explain featured heterogenous scatterers in the mid-
lower mantle. Future studies of petrology and deep diamond inclu-
sions are in demand to detect and put further constraints on the
availability of iron-enriched hydrous materials in the mid-lower
mantle.
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