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We performed high pressure-temperature (P-T) experiments on a model composition of hydrous
subducted slabs in the MgO-Al,03-Fe;03-Si02-H,0 system using laser-heated diamond anvil cells.
The phase assemblages were characterized combining in-situ synchrotron X-ray diffraction and ex-situ
transmission electron microscope techniques. The hydrous §-phase AIOOH-FeOOH-MgSiO;(OH),;-SiO,
coexists with bridgmanite (Bdg), post-perovskite (pPv), or both in a broad P-T range of 104-126 GPa
and 1750-2500 K. The hydrous pyrite-type FeOOH, phase was observed in-situ over a P-T range of
112-123 GPa and 1750-2300 K, coexisting with the pPv phase. Chemical analysis on recovered samples
showed that considerable amount of Fe;0(OH); (8-13 mol%) and SiO; (9-13 mol%) in the §-phase does
not reduce its thermal stability compared to the Al-endmember, indicating that the Fe-bearing §-phase
can transport water to the lowermost mantle along the mantle geotherm. In this hydrous system, we
observed that Al depletion in both the Bdg and pPv phases can significantly reduce the width of the Bdg
to pPv transition in contrast to a wide two-phase coexistence region in a dry Al-rich system. Meanwhile,
the Fe enrichment in the pPv phase relative to the coexisting Bdg phase lowers the transition pressure
to the depth of the D” discontinuity. Accordingly, the depth and thickness of the Bdg to pPv transition in
subducted basaltic crustal materials can explain the seismically detected D” discontinuity. Partial melting
could be triggered by dehydration of the Fe-bearing hydrous phases due to a steep temperature gradient
at the core mantle boundary (CMB), and therefore the ultralow-velocity zones (ULVZs) might be the
regions where partial melting occurs at the lowermost mantle.
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1. Introduction be stored in both hydrous phases and nominally anhydrous min-
erals (NAMs) (Ohtani, 2015). The composition and structure of the
hydrous phases evolve with increasing depth. For instance, the hy-
drous phase D [MgSi;04(0OH),] transforms to the hydrous phase
H [MgSiO,(0OH),] at pressures above 48 GPa (Nishi et al., 2014).

On the other hand, the hydrous §-AIOOH remains stable down to

High-resolution seismic tomography images show that pieces
of slab materials may penetrate into the lower mantle down to
the CMB (Zhao, 2012). Through the subduction of hydrous com-
ponents in slabs (Karason and van der Hilst, 2000; van der Hilst,

1999), a certain amount of water can be transported into the
Earth’s lowermost mantle. The observation of ice-VII and hydrous
ringwoodite (~1 wt.% H;0) as inclusions in sub-lithospheric dia-
monds provides direct evidence that the transition zone and shal-
low lower mantle are at least locally wet (Pearson et al., 2014;
Tschauner et al., 2018). In the lower mantle region, water might
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the CMB along the normal mantle geotherm (Duan et al., 2018;
Ohtani et al., 2001; Sano et al, 2008). The hydrous phase H,
8-AlOOH, ¢-FeOOH and CaCl;-type SiO; all adopt the orthorhombic
structure with the Pnnm space group under the P-T conditions of
the deep lower mantle (DLM) and they may form solid solutions.
The stability of these potential solid solutions needs to be fur-
ther clarified in the DLM. Indeed, a wide composition range of the
solid solutions, including AIOOH-MgSiO,(OH); (Ohira et al., 2014;
Suzuki et al., 2000; Walter et al., 2015), AIOOH-MgSiO,(OH);-Si0;
(Ohira et al,, 2014), and (Al, Fe)OOH (Kawazoe et al., 2017; Nishi
et al., 2017), have been successfully synthesized via high P-T ex-
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periments. In addition, £-FeOOH transforms to cubic pyrite-type
FeOOH, (x < 1) or FeOOH phase (py-phase) with a Pa3 space
group above 70 GPa, and it was therefore proposed to be a poten-
tial deep-water carrier with a higher density relative to the Prelim-
inary Reference Earth Model (PREM) average density (Dziewonski
and Anderson, 1981; Hu et al,, 2016; Nishi et al., 2017). Zhang
et al. (2018) further found a hexagonal hydrous phase (HH-phase)
in (Fe, AI)OOH at 107-136 GPa and 2400 K, which can transform
to the cubic py-phase at low T. According to the previous stud-
ies, the Al-depleted Bdg coexists with the Al-rich hydrous §-phase
in the MgO-Al,03-Si02-H,0 system due to selective partitioning
of Al into the §-phase (Ohtani et al, 2018; Ohira et al., 2014;
Walter et al., 2015). These results in the aluminous systems sug-
gested that hydrous conditions can significantly change the ele-
ment partitioning between the minerals in the DLM. Fe in a wide
range of oxidation states is an important component in subduc-
tion slabs, but the effect of Fe on a hydrous DLM system has
not been studied yet. In this study, an investigation in a hy-
drous Fe,Al-bearing system was carried out to evaluate the com-
bined effect of Al and Fe on the mineralogy in a model com-
position of hydrous subducted slabs under the P-T conditions of
DLM.

The Bdg to pPv transition in MgSiO3 (Murakami, 2004; Oganov
and Ono, 2004) may provide a valid explanation for the D” discon-
tinuity, where an increase in shear velocity of 1-2% was detected
at a depth range of 200-400 km above the CMB with a sharp
discontinuity (e.g. <30 km beneath the Cocos Plate, Lay, 2008). Ex-
isting in-situ X-ray diffraction (XRD) measurements indicated wide
variations in both the depth and thickness of the Bdg to pPv tran-
sitions in the San Carlos olivine, pyrolitic, and mid-oceanic-ridge
basaltic compositions (Grocholski et al., 2012). Both the pyrolitic
composition and the Al-rich silicate compositions show a wide
two-phase coexistence region measuring 400-600 km (25-30 GPa)
in thickness, which suggests a lack of the seismic velocity con-
trast required for the sharp D” discontinuity (Catalli et al., 2009;
Grocholski et al., 2012; Sun et al.,, 2018). In contrast to a much
thinner two-phase coexistence region in San Carlos olivine, the
Al,03 content in the Al-rich compositions significantly expands the
Bdg to pPv transition boundary. Furthermore, the Bdg to pPv tran-
sition occurs at a much greater depth in pyrolite and San Carlos
olivine compositions, where Fe is depleted in the Bdg/pPv phase
through preferential partitioning of Fe into the coexisting ferroper-
iclase (Fp), whereas the transition in Fe-rich Bdg/pPv phases in
mid-oceanic-ridge basalt (MORB) compositions occurs at a shal-
lower depth in better accord with the D” discontinuity (Grocholski
et al,, 2012; Ohta et al., 2008). These results suggest that Fe en-
richment in the silicate phase can lower the Bdg to pPv transition
pressure to the depth where the D” seismic velocity discontinuity
is detected.

In this study, we performed high P-T experiments in laser-
heated diamond anvil cells (DACs) in a pressure range of 104-
126 GPa and a temperature range of 1750-2500 K. We used a
synthetic Fe-bearing hydrous gel composed of 60 mol%MgSiO3-30
mol%Al;03-10 mol%Fe,03 (referred to as MAFSH) and containing
~7 wt.% water and another Fe-free hydrous gel composed of 70
mol%MgSiO3-30 mol%Al,03 (referred to as MASH) and containing
~6 wt.% water as the starting materials. We investigated stabil-
ity of the Fe-bearing hydrous phases, identified phase assemblages
under the P-T conditions of DLM, and measured element partition-
ing through a combination of in-situ XRD and ex-situ transmission
electron microscopy (TEM) analysis.
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Fig. 1. The MAFSH quaternary with the compositions of the hydrous phases and the
NAMs in the DLM. SM= starting material in this study. Tie lines of the §-phase solid
solutions are shown in red. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

2. Experimental and analytical methods
2.1. Starting materials

Silicate gels were prepared according to the reported sol-gel
procedure using reagent-grade Mg(NOs3);-6H20, AI(NOs3)3-9H,0,
Fe(NO3)3-9H;0, and (C;H50)4Si) (Hamilton and Henderson, 1968)
without further purification. The water content in the MAFSH com-
position was measured as 7.0(4) wt.% by the thermal gravimetric
analysis (NETZSCH TG 209 F1 Libra®) up to 1000°C. The homo-
geneity and composition ratio of this sample was examined by a
scanning electron microscope (SEM) coupled with an energy dis-
persive X-ray spectroscopy (EDS) analysis (see Supporting Infor-
mation, Fig. S1 and Table S1). The SEM-EDS results showed that
the nitrogen and carbon content in the sample was beyond its de-
tection limit, thus eliminating nitrogen or carbon contamination.
The MAFSH quaternary with compositions of potential hydrous
phases and NAMs in the DLM is shown in Fig. 1. The MASH com-
position was from the same batch that was used in a previous
study by Ohira et al. (2014). We simplified the starting material
with all iron in Fe3* under the following considerations. First of
all, significant amount of ferric iron is present in the Al-bearing
Bdg, because the Fe3* content of Bdg is coupled to Al concentra-
tion independent of oxygen fugacity in the lower mantle (Frost et
al., 2004). Furthermore, existence of water produces an oxidized
lower mantle region through redox reactions between water and
iron/iron oxides, i.e., 4Fe + 2H,0 = 3FeH + FeOOH, (py-phase)
and 4FeO + 2H,0 = FeH + 3FeOOH, (py-phase) (Mao et al., 2017;
Yuan et al,, 2018).

2.2. Sample loading and pressure determination

Boehler-Almax diamond anvils with flat culet diameters of 150
or 200 um beveled at 10° up to 300 pym were used for the ex-
periments. The MASH sample was mixed with ~10 wt.% Pt black
as the laser absorber; no laser absorber was used for the MAFSH
sample. The details of sample preparation are given in the Sup-
porting Information and Fig. S2. We first drilled a recessed gasket
with 40-50 pm in diameter using a laser drilling system. Then
we placed a sample disk on the small step in the gasket with
the sample surface parallel to the diamond culet and maintained
space with 10 pm in thickness for Ne loading from both sides.
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Compressed Ne was loaded, and then the sample was sandwiched
between Ne layers. Ne was used as both a pressure transmitting
medium and thermal insulating layers during laser heating for
each experiment.

The pressures were determined based on the Mie-Griineisen—
Debye equation of state (EOS) of Ne reported by Dewaele et
al. (2008). The unit-cell volume of Ne was determined by three
diffraction peaks: (111), (200), and (220). To determine Ne pres-
sures at high T, we picked the peak positions at the lower
Bragg angle for each peak, which were attributed to the ther-
mally expanded Ne in contact with the heated sample sur-
face.

2.3. XRD experiments in laser-heated DACs

High P-T XRD experiments were performed at the High Pres-
sure Collaborative Access Team (HPCAT) 16-ID-B beamline (Runs
HS001, SH137, Sb029, Sb003 and Sa032) (Meng et al., 2015) and
the GeoSoilEnviroCars 13-ID-D beamline (Runs S200u and SH172)
(Prakapenka et al., 2008) at the Advanced Photon Source (APS), Ar-
gonne National Laboratory (Argonne, IL). The samples were heated
using a double-sided heating technique with 1064-nm Ytterbium
fiber lasers. The heating temperature was determined by fitting
the visible portion of the gray-body radiation from both sides of
the heated sample to the Planck radiation function, with an esti-
mated temperature uncertainty of £200 K throughout the heating
experiments. We observed the appearance of all phases within two
minutes of heating; a slight intensity change of the peaks occurred
due to the increasing spottiness in the XRD patterns when the
heating duration was extended to five minutes or longer, suggest-
ing that our experiments were in equilibrium or very close to the
equilibrium after the heating duration of five minutes. Therefore,
we used a heating duration of five minutes for all the runs. Note
that we did not conduct reversal runs for determining the precise
Bdg to pPv phase boundaries in our experiments, because repeated
heating might lead to phase segregation caused by thermally in-
duced diffusion in DAC experiments.

At HPCAT, a heating spot size of approximately 35 x 35 pm?2
and an X-ray beam size of approximately 5 x 3 um? were used
(Meng et al., 2015), and angular dispersive XRD patterns were
recorded on a MarCCD 165 detector. CeO, was used to calibrate
the sample-to-detector distance at 1 bar. At GeoSoilEnviroCars, a
flat-top laser heating spot size of approximately 10 ym in diam-
eter and an X-ray beam size of approximately 3 x 4 pm? were
used (Prakapenka et al., 2008), and angular dispersive XRD pat-
terns were recorded on a Dectris Pilatus CdTe 1M pixel array
detector for Run SH172 and on a Mar CCD 165 detector for Run
S200u. LaBg was used to calibrate the sample-to-detector distance
at 1 bar. Because of a relatively small heating spot was used at
GeoSoilEnviroCars, we heated two separate spots on the sample in
Run SH172, denoted as SH172-a and SH172-b.

We observed many overlapping peaks in a typical powder XRD
pattern of the run products. To identify the phases and obtain their
unit-cell parameters, we applied the multigrain XRD to sort out in-
dividual phases in the assemblage including a minor phase (Zhang
et al., 2019, 2016). The sample was aligned to the rotation center,
and a set of XRD patterns were collected at incremental steps of
0.25°over the maximum X-ray accessible @ range (36° or 50°) in
a “step scan” mode. The fable software package (Serensen et al.,
2012) was used to process the spotty XRD patterns, and the ori-
entation matrices of individual grains were determined using the
GrainSpotter algorithm (Schmidt, 2014).

Table 1
Experimental conditions and results.

Run P T Phase assemblage
(GPa)?® (K) by XRD

60 mol%MgSiO3-30 mol%Al,03-10 mol%Fe;03-7 wt.% H,0

SH137 104(2) 1900(200) Bdg +5

SH137° 94.1(2) 300 after quench

SH172-a 109(2) 2000(200) Bdg +§

SH172-a 99.0(2) 300 after quench

S200u 109(2) 2120(200) Bdg +§

S200u 111(2) 2400(200)

S200u 102.4(2) 300 after quench

Sb029 112(2) 1750(200) Bdg+pPv +3+ py

Sb029 113(2) 2000(200)

Sb029 115(2) 2300(200)

Sb029 103.0(2) 300 after quench

SH172-b 117(2) 2100(200) Bdg+pPv +5+ py

SH172-b 106.5(2) 300 after quench

Sb003 120(2) 2050(200) PPV 48+ py

Sbo03P 109.5(2) 300 after quench

Sa032 123(2) 2050(200) pPv 48+ py

Sa032 126(2) 2500(200)

52032 111.7(2) 300 after quench PPV +5

70 mol%MgSiO3-30 mol%Al,03-6 wt.% Hy0

HS001 119(2) 2000(200) Bdg + pPv +6

HS001 108.1(2) 300 after quench

AMGO015-004¢ 128(1) 2190(100) pPv +§

AMGO015-004°¢ 119.7(11) 300 after quench

2 Pressures are determined by thermal equation of state for Ne (Dewaele et al.,
2008).

b Compositions of phases were measured (see Table 3).

¢ Data from Ohira et al. (2014). The py-phase is determined from the T-quenched
XRD patterns by multigrain indexing.

2.4. TEM-EDS measurements

Complementary to the in-situ XRD characterization, ex-situ
chemical analysis was performed on the recovered samples of Runs
SH137 (phase assemblage: § + Bdg) and Sb003 (phase assemblage:
8 + py + pPv). The key for a successful recovery is to prepare
a starting sample with low porosity and to release the Ne very
slowly during decompression. We often recovered a whole sample
inside the gasket hole. For these two recovered samples, we cannot
distinguish the heated and unheated areas by texture in the SEM.
A big heating spot with approximately 35 x 35 pm? was applied
on the center of the sample, and we located the heating center
based on the geometric center position (see Supporting Informa-
tion, Fig. S3). In order to record the recovered phase assemblage
in the heated area, we also collected a two-dimensional XRD scan
under ambient conditions at 15U1, Shanghai Synchrotron Radiation
Facility (SSRF). An FEI Versa-3D SEM coupled with a focused ion
beam (FIB) system was used to cut and lift out a thin cross-section
from the heating center (geometric center) in each of the recov-
ered samples. Each thin section was polished to a thickness of
approximately 60-100 nm using a focused Gat ion beam. Chem-
ical analysis was performed and elemental mapping images were
obtained using an FEI Talos F200X field emission TEM operating at
200 kV and equipped with a SuperX EDS system. Ex-situ chemical
analysis results were combined with in-situ XRD data to connect
compositional changes with structural transformations (Zhang et
al., 2019).

3. Results
3.1. Phase identification by XRD

Table 1 lists run conditions and phase assemblages identified by
a combination of powder XRD and multigrain XRD. The phase re-

lations in the MAFSH system were investigated at pressures rang-
ing from 104 to 126 GPa and temperatures ranging from 1750
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Fig. 2. Representative XRD patterns on the MAFSH sample at high P and after T
quench. (a) Coexistence of bridgmanite (Bdg) and the §-phase at 94 GPa and after
T quench from heating at 1900 K. (b) Coexistence of Bdg, post-perovskite (pPv),
pyrite (py) phase and §-phase at 103 GPa after T quench from heating at 2150
K after 2150 K heating. (c) Coexistence of pPv, hydrous é-phase and py-phase at
110 GPa after T quench from heating at 2050 K. (d) Portion of a two-dimensional
“cake” image of Run Sb029. Unit-cell parameters of the coexisting phases are shown
in Table 1. Panel ¢ was shown in a previous study to demonstrate the experimental
method (Zhang et al.,, 2019). The XRD patterns were background-subtracted. See the
text for the detailed discussion.

to 2500 K. Selected powder XRD patterns of the phase assem-
blages after T quench are shown in Fig. 2. Fig. 2d shows a portion
of a spotty two-dimensional XRD image of the run products of
Run Sb029 after high P-T treatment. The original image in 26-n

polar coordination was converted into Cartesian coordinates. The
§-phase was present in all runs with a pronounced characteristic
peak (110), which was partially overlapped with the peak (111)
of the Bdg phase (if present). In contrast, the py-FeOOH, phase
was only observed in the assemblages where the pPv phase was
present. The characteristic peak (111) of the py-phase was occa-
sionally invisible in the integrated XRD patterns at some rotation
angles owing to its low concentration in the assemblage and grain
growth after the heating treatment. As shown in Fig. 3, a weak
peak (111) of the py-phase was present at w = 0.8° but absent
at w = —1.2° in the integrated XRD patterns for Run Sb003. De-
tailed inspection of the XRD patterns (inset of Fig. 3) revealed
that a few diffraction spots contributed to most of the intensity
of the peak (111) at w = 0.8°. To identify such a minor phase, we
applied the multigrain XRD to sort out 42 grains with 9-18 re-
flections confirmed for each grain (Run Sb003). A list of observed
reflections of one selected grain of the py-phase is shown in Ta-
ble S2.

3.2. Chemical analysis and elemental partitioning

We performed TEM analysis on two representative recovered
samples of the § + Bdg assemblage at 104 GPa and 1900 K (Run
SH137) and the § + py + pPv assemblage at 117 GPa and 2050 K
(Run Sb003), respectively. The TEM elemental maps and phase dis-
tribution are shown in Fig. 4 and the chemical composition of
individual phases in the assemblages are summarized in Table 2.
In both samples, the silicate phase (Bdg or pPv) and the Al-rich
8-phase can be easily identified. In the Bdg-bearing assemblage
(Run SH137), several small Fe-rich grains (Fig. 4a) with 30-80 nm
in diameter were observed near the edge of the §-phase grains.
The composition of these Fe-rich grains cannot be resolved ow-
ing to the grain overlaps. We did not identify the py-phase in
the Bdg-bearing assemblage from the high-pressure XRD pattern
(Fig. 2a). Nish et al. (2017) showed that §-phase (FegsAlps5)O0OH
cannot form complete solid solutions under ambient conditions;
consequently, the quenched sample contains both individual Al-
rich and Fe-rich (Fe,A1)OOH compounds. The Fe-rich grains in our
Bdg-bearing assemblage might be formed as a result of exsolution
of the Fe-rich component from the §-phase during quenching. An-
other possibility is that the amount of py-phase in the Bdg-bearing
assemblage is too low to be detected by XRD. In contrast, the
py-phase FeOOH, was unambiguously identified using multigrain
XRD in the pPv-bearing assemblage (Run Sb003) at high pres-
sure, and the Fe-O grains (Fig. 4b) in the recovered pPv-bearing
assemblage is a minor phase (~3 vol%) in TEM-EDS mapping im-
age.

The chemical analysis revealed similar Al,O3 contents in the
Bdg and pPv phases (~4 mol%) in both the assemblages, which
was significantly lower than ~19 mol% in the starting mate-
rial. Previous studies reported that the Al,Os partition coefficient
[D(Al,03) = Al;03(mol% in §-phase)/Al;03 (mol% in Bdg or pPv)]
was within the range of 14-26 throughout the lower mantle in
the MASH system (Ohtani et al., 2018). In the Fe-bearing MAFSH
system, we obtained an Al,03 partition coefficient within 15-20
(Table 2), indicating that the addition of Fe to the system had a
negligible effect on the partitioning behavior of Al. The Bdg phases
in the mantle peridotite and MORB assemblages contained ~5 and
~15 wt% Al03, respectively, under dry conditions (Irifune and
Tsuchiya, 2015). Our experiments in a Fe-bearing system support
the conclusion that the Al,03 contents in Bdg could be reduced to
~1 and ~3 wt.% in the mantle peridotite and MORB assemblages,
respectively, through selective partitioning of Al into the §-phase
(Ohtani et al., 2018).

The Fe;0,(0OH), contents in the §-phase were ~13 and ~9 mol%
in the Bdg-bearing and the pPv-bearing assemblages, respec-
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Fig. 3. Selected portions of the XRD patterns showing the weak py (111) at two close rotation angles (w), respectively, in Run Sb003 after T quench. The inset shows that
the diffraction image contains some diffraction spots, which contribute to most of the intensity of the weak peak observed in the integrated XRD pattern at @ = 0.8°.

tively. We found that 8-9 mol% additional SiO, and 5-11 mol%
MgSiO,(0OH), were also incorporated into the §-phases in both the
assemblages. The results suggest that multiple substitution mech-
anisms, including APt + HT = Si*t [AIOOH = Si0,] (Litasov et
al, 2007), 2A3T = Mg?t + Si*t [AlL0,(OH); = MgSiOy(0H);]
(Ohira et al., 2014) and A3t = Fe3* [AIOOH = FeOOH] (Kawazoe
et al,, 2017), could be involved in the formation of the §-phase.
The composition of Bdg/pPv shows a slight enrichment of SiO;
and depletion of MgO compared to the expected values from the
stoichiometry. This may be due to a small amount of ferrous
iron in Bdg/pPv. For simplicity, we assumed that all iron in the
Bdg/pPv phase and §-phase is in Fe3*, and tentatively obtained an
Fe; 03 partition coefficient [D(Fe;03) = Fe;03(mol% in §-phase)/
Fe,O3(mol% in Bdg or pPv)] within the range of 1-3. In other
words, the Bdg/pPv phase remains iron-rich (mostly in Fe3*) under
hydrous conditions in the DLM.

3.3. Unit-cell volume versus composition

Based on the chemical analysis of the recovered samples, we
can evaluate the relationship between chemical composition of the
individual phases and their unit-cell volumes determined by in-
situ XRD. In addition to the experiments performed on the MAFSH
system, we also conducted one experiment on an Fe-free MASH
sample (Run HS001) for comparison. As shown in Fig. 5a and Ta-
ble 3, both the unit-cell volume of the §-phase obtained in this
study and the value reported by Ohira et al. (2014) are consis-
tent with the EOS data for §-AIOOH (Sano-Furukawa et al., 2009).
This indicates that incorporation of 14 mol% MgSiO(OH), into the
8-phase had negligible effect on its unit-cell volume. In contrast,
the unit-cell volumes of the (Al,Fe)OOH §-phase increase with in-
creasing Fe;0,(OH), content (Kawazoe et al., 2017; Nishi et al,
2017). In the present study, we measured the Fe;0,(OH), content
in the §-phase is ~13 mol% in Run SH137 and ~9 mol% in Run
Sb003, corresponding to volume differences of ~1.0% and ~0.7%
relative to that of the §-AIOOH phase, respectively. The chemi-
cal composition of the py-phase is simple: only Fe and O were
detected in the TEM-EDS analysis. The unit-cell volume of the py-
phase synthesized in this study (Fig. 5b) is comparable to that of
the hydrous py-phase FeOOH, (Hu et al., 2016) or FeOOH (Nishi et
al.,, 2017) but is approximately 10% larger than the py-phase FeO,
(Hu et al., 2017), confirming the hydrous nature of the py-phase
FeOOHy in the pPv-bearing assemblage.

Compositional effects on the Bdg and pPv phases have been
intensively investigated (e.g., Ballaran et al, 2012; Catalli et al,
2009; Dorfman et al., 2013; Sun et al., 2018). Here, we used
the reference EOS data of Mg 735Feg21Alo.07Sip.96503 Bdg and pPv
(denoted as Fe21Al7-Bdg and Fe21Al7-pPv, respectively) reported
by Sun et al. (2018), the EOS data of MgSiOs pPv reported by
Guignot et al. (2007) and those of single-crystal MgSiO3 and
Mgo,goFegTBFeggssmszAlo,gGO; Bdgs (denoted as Fe41A136-Bdg) re-
ported by Ballaran et al. (2012). Based on the TEM-EDS analy-
sis, the composition of the Bdg in Run SH137 and that of the
pPv in Run Sb003 were estimated as Mg goFeg 22Sip.g2Alg1603 (de-
noted as Fe22Al16-Bdg) and Mgg 76Feq 32Sip.78Alo1403 (denoted as
Fe32Al114-pPv), respectively. As shown in Fig. 5c and Table 3, the
unit-cell volumes of the Al-depleted Bdg and pPv phases in the Fe-
free MASH system are slightly greater than those of pure MgSiOs3,
and the unit-cell volume of Fe22Al16-Bdg in this study is ~0.7%
larger than that reported for Fe21Al7-Bdg by Sun et al. (2018),
suggesting that Al incorporation into Bdg or pPv increases their
volumes. The unit-cell volume of the Fe32Al14-pPv in the present
study is ~1.3% greater than that reported for Fe22Al16-pPv by Sun
et al. (2018), indicating that incorporation of Fe3* increases the
volume of the pPv phase. In Run Sb029, in which the Bdg and
pPv phases coexisted, we found that the unit-cell volume of the
pPv phase is ~0.7% larger than that of the coexisting Bdg, indicat-
ing a significantly higher Fe content in the pPv than that in the
coexisting Bdg in the § + py + Bdg + pPv assemblage (see the
multigrain indexing of the Bdg and pPv individual grains in Ta-
bles S3 and S4, Supporting Information). Based on the relationship
between the composition of the Bdg/pPv phases and the unit-cell
volume (Table 2 and Table 3, respectively), we estimate that 1 at.%
Fe content in Fe,Al-bearing Bdg and pPv increases the unit-cell vol-
ume by ~0.14% and ~0.19%, respectively. We then estimated the
composition of the pPv phase with ~21 at.% Fe coexisting with
the Bdg phase with ~9 at.% Fe in the Run Sb029. When the Bdg
to pPv phase transition occurs in a hydrous system, we found that
Fe preferentially partitions into the pPv phase over the coexisting
Bdg phase by a factor of ~2.

3.4. Phase relations and mass balance analysis
The coexisting phases are homogeneously distributed and the

shapes of the coexisting phases are granular or polygonal as shown
in the TEM-EDS images of the recovered sample (Fig. 4), indicat-
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Fe-rich

Fig. 4. TEM images and elemental maps of recovered samples (a) 104 GPa, 1900 K
(Run SH137) and (b) 117 GPa, 2050 K (Run Sb003). Bright-field scanning TEM im-
ages are shown in panels al and b1. The compositional mapping images are shown:
Al + Fe + Mg + Si (a2 and b2); Fe (a3 and b3); O (a4 and b4.) Elements Si, Mg,
Al, Fe and O are shown in red, blue, green, yellow, orange, respectively. The chemi-
cal composition analysis results are given in Table 3. Fig. b2 and b3 were shown in
a previous study to demonstrate the method (Zhang et al., 2019).

ing that the coexisting phases in the present experiments reached
equilibrium or was very close to the equilibrium. On the ba-
sis of the TEM-EDS results for Runs SH137 and Sb003, we con-
structed the chemical compositions and tie lines between relevant
phases in the chemographic diagrams (Fig. 6). The composition of
the starting material is reasonably on the tie lines between the
Bdg(pPv) and §-phase (+py-phase) within the uncertainties. Ta-
ble 2 shows a variation of around 10% in the composition of the
individual phases in the assemblages, possibly caused by a tem-
perature gradient during the heating. As it is difficult to determine

Table 2
Chemical compositions of coexisting phases at 104 GPa/1900 K for Run SH137 and
at 117 GPa/2050 K for Run Sb003.

Conditions 104 GPa/1900 K 117 GPa/2050 K

Bdg §-phase pPv 8-phase
Mg (at.%) 40.0(21) 5.6(10) 38.2(41) 2.6(19)
Si (at.%) 41.5(19) 10.2(18) 38.8(20) 6.9(26)
Al (at.%) 7.6(13) 70.3(19) 7.4(24) 81.4(35)
Fe (at.%) 10.9(20) 13.9(16) 15.5(30) 9.0(26)
N 14 18 10 8
Total 100.0 100.0 99.9 100.0
MgO (mol%) 44.0(23) 9.7(17) 43.2(46) 4.7(34)
Si0y (mol%) 45.8(21) 17.6(31) 43.9(22) 12.6(47)
Al;03 (mol%) 4.2(7) 60.7(16) 4.2(14) 74.3(32)
Fe;03 (mol%)? 6.0(22) 12.0(14) 8.7(17) 8.3(23)
Total 100.0 100.0 100.0 99.9
D(Al;03)3/Bdg or pPv 15(3) 20(7)
D(Fe;03)8/Bdg or pPv 3(1) 1.0(5)
§-phase
MgSiO2(0OH); (mol%) 10.7(19) 4.9(36)
Al;0,(0H), (mol%) 67.2(18) 78.1(34)
Fe;0,(OH); (mol%) 13.3(16) 8.8(25)
SiO; (mol%) 8.7(15) 8.3(31)
Total 100.1 100.0 100.0 100.1

2 Calculated as Fe;03 for comparison.
The partition coefficients of D(Al;03)5/Bdg or pPv are defined as follows:
D(Al;03)5/Bdg or pPv = Al,O3(mol% in §-phase)/ Al;03(mol% in Bdg or pPv).
The partition coefficients of D(Fe,03)3/Bdg or pPv are defined as same as that of
D(Al,03)3/Bdg or pPv. Numbers in parentheses represent uncertainties. N repre-
sents the number of analyses.

the disappearance of a minor py-phase at high temperature, we
tentatively drew a boundary for the py-phase FeOOH, in Fig. 6.
Considering the uncertainty of TEM-EDS measurements, we ne-
glected the minor py-phase FeOOHy (~3 vol%) in the following
mass balance analysis. On the basis of the Si and Al content,
the mass balance calculation yields 64% Bdg + 36% & and 70%
pPv + 30% & (+py) in the Bdg-bearing and pPv-bearing assem-
blages, respectively. Assuming stoichiometric compositions, ~5 and
~4 wt.% of water in the system can be stored in the Fe-bearing
§-phase in the Bdg-bearing and pPv-bearing assemblages, respec-
tively. Apart from the water stored in the hydrous §-phase, there
is 2-3 wt.% excessive water in the MAFSH system. The excessive
water may enter the Bdg/pPv lattice and/or form ice X at high
pressures. However, we could not determine the water concen-
tration in Bdg/pPv in our run products using synchrotron infrared
spectroscopy and/or secondary ion mass spectrometry, because the
Bdg/pPv grains are too small with grain size less than 200 nm. Fur-
thermore, we could not rule out the possibility of partial water loss
in the laser-heating experiments. Due to the experimental limita-
tion, the present study shows preliminary results on the phase re-
lations and mineral chemistry in an Fe,Al-bearing water-saturated
system.

4. Geophysical implications
4.1. Water storage in Earth’s deep lower mantle

Previous studies demonstrated that the §-H solid solution
AlOOH-MgSiO,(OH), is a stable water-carrier to the lowermost
mantle along the normal mantle geotherm (Ohira et al., 2014;
Walter et al., 2015). Walter et al. (2015) suggested that other com-
ponents in the lower mantle such as Fe, Ca Na, K may lower the
melting temperature relative to the MgO-Al,03-SiO2-H;0 sys-
tem. Our results in a simplified basaltic composition show that
incorporation of up to 13 mol% Fe;0,(OH); and 9 mol% SiOy
into the §-phase did not reduce the thermal stability relative to
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Fig. 5. Pressure-volume relations for (a) §-phase, (b) py-phase, and (c) Bdg/pPv phase after T quench. Their lattice parameters are summarized in Table 3. The error bars of
pressure and volume are within the data symbols. The abbreviations used here are the same as those in Fig. 1. In panel a, Fe14 and Fe09 represent the §-phases containing
14 and 9 mol% Fe,0,(0H);, respectively. In panel c, Fe41AI36 represents Bdg with the chemical formula Mgo,ﬁoFeéz3 FegzssioﬁzAlo,gsOg from the study by Ballaran et al.
(2012), Fe21Al7 represents Mgo.735Feo.21Alp07Si0.06503 Bdg or pPv from the study by Sun et al. (2018), and Fe22Al16 and Fe32Al14 represent MgogoFeo22Sio.s2Alo1603 Bdg

and Mgo 76Feq32Si0.78Alp1403 pPv determined in the present study, respectively.

that of the §-H solid solution in the hydrous Fe-free system. The
Fe-bearing §-phase can carry water throughout the lower man-
tle along the normal mantle geotherm (Fig. 6). We observed the
coexistence of the py-phase FeOOH, the Fe-rich pPv phase, and
the §-phase along a cold geotherm (Brown and Shankland, 1981;
Kirby et al., 1996) (Fig. 6, blue empty circles), indicating that the
py-phase FeOOHy could be a potential water carrier subducted into
the D” layer. The calculation by Muir and Brodholt (2018) shows
that a large amount of water (>1000 ppm) may be needed to
stabilize the hydrous §-phase, and water may create significant
number of vacancies in Bdg in the deepest lower mantle in the
MgO-Al,03-Si02-H,0 system. In addition to the hydrous §-phase
and the py-phase, the aluminous Bdg could be a possible water
reservoir in the DLM. Addition of iron in the system can further
complicate the water partitioning behavior between the §-phase
and the Bdg/pPv phase and future studies are desired to clarify the
partitioning behavior of water under the conditions of the lower
mantle.

4.2. Interpretation of seismic heterogeneities by hydrous slabs
subducted in the D" layer

The CMB is a thermal boundary between the solid mantle and
liquid outer core, and the composition and structure of the lower-
most mantle is complex because it is believed to be the graveyard

of subducting slabs as well as the source region of hot plumes
(van der Hilst et al., 2007). In reconciling the Bdg to pPv transition
with the D” seismic velocity discontinuity, we investigated the sta-
bility and element partitioning in the phase assemblages. In spite
of the qualitative nature of the phase boundary determination in
the present experiments, the P-T diagram clearly showed that the
thickness of the Bdg to pPv phase transition in the MAFSH system
is ~150+75 km (~8 + 4 GPa) at ~2000 K (along the cold slab in
Fig. 6), considerably narrower than the wide transition thickness of
400-600 km (25-30 GPa) in the fixed Fe,Al-bearing compositions
(Catalli et al., 2009; Sun et al., 2018). Al depletion in both the pPv
and Bdg phases should be responsible for the much narrower tran-
sition boundary obtained in the present study. Hirose et al. (2005)
reported a significant increase in the Fe/(Mg+Fe) atomic ratio from
0.23 to 0.40 across the Bdg to pPv transition while the Al/Si ratio
remains unchanged at 0.39 in the MORB composition. We used an
Al-enriched starting material with an atomic ratio of Al/Si = 1 to
enhance the diffraction of the §-phase compared with Al/Si ~ 0.35
in a natural MORB starting composition. Applying the partition-
ing coefficients obtained in the present study, the Al,O3; content
in both the Bdg and pPv phases can be further reduced from the
current value of ~4 mol% to 1-2 mol% in basaltic subducted slabs,
and the transition thickness can be reduced accordingly. Moreover,
the Fe content is more enriched in pPv (~21 at.%) than that in
the coexisting Bdg (~9 at.%) (Run Sb029), and thus the Bdg to
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Table 3
Phase assemblages and lattice parameters determined by the nonlinear least-squares fitting method after multigrain or powder XRD indexation at 300 K.
Run Phase N/n? a b c \Y P
(A) (A) (A) (A) (GPa)®

60 mol%MgSiO3-30 mol%Al,03-10 mol%Fe;03-7 wt.% H,0
SH137 Ne - 2.9869(4) - - - 94.1(2)
(1900 K) Bdg 93/3 4.3924(3) 4.6492(4) 6.4007(12) 130.71(2) -

8 64/4 4.3174(6) 3.8840(5) 2.5852(3) 43.350(6) -
Sb029 Ne - 2.9631(5) - - - 103.0(2)
(2300 K) Bdg 136/2 4.3652(5) 4.6304(2) 4.6304(2) 128.55(1) -

pPv 61/3 2.5273(4) 8.2176(14) 6.2326(6) 129.44(2) -

8 60/4 4.2888(7) 3.8735(5) 2.5596(2) 42.522(6) -

py 87/4 4.3909(2) - - 84.654(9) -
Sb003 Ne - 2.9470(6) - - - 109.5(2)
(2050 K) pPv 73/4 2.5067(2) 8.0044(12) 6.2052(15) 127.03(2) -

) 41/4 4.2736(10) 3.8594(9) 2.5526(4) 42.101(9) -

py 33/3 4.3808(3) - - 84.08(2) -
Sa200u Ne - 2.9648(5) 102.4(2)
(2200 K) Bdg 187/2 4.3586(2) 4.6357(5) 6.3813(4) 128.93(1) -
Sa032 Ne - 2.9419(5) - - - 111.7(2)
(2500 K) pPv 83/3 2.5026(2) 8.1512(8) 6.1913(7) 126.30(1) -

) 43/2 4.2687(5) 3.8553(6) 2.5523(3) 42.00(1) -
70 mol%MgSiO3-30 mol%Al,03-6 wt.% H,0
HS001 Ne - 2.9507(5) - - - 108.1(2)
(2000 K) Bdg 83/3 4.3388(4) 4.5963(7) 6.3217(5) 126.07(1) -

pPv 85/5 2.4817(2) 8.1505(6) 6.1575(6) 124.55(1) -

8 44/4 4.2711(5) 3.8513(7) 2.5541(4) 42.014(7) -
AMGO015-004¢ pPv - 2.4667(7) 8.0726(18) 6.1216(10) 121.90(9) 119.7(11)
(2190) 8 - 4.2451(4) 3.8260(3) 2.5292(2) 41.07(2)

4 N is the number of reflections in total; n is the number of merged grains.

b p represents the pressure (Ne scale) after temperature was quenched to room temperature.

¢ Data from Ohira et al. (2014).
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pPv phase transition can occur at a depth corresponding to the
D” discontinuity. If the hydrous Fe,Al-bearing basaltic compositions
survive in slabs subducted to the DLM region, the Bdg to pPv tran-
sition can provide a valid interpretation for the D” discontinuity
(Lay, 2008). The ULVZs are distributed regionally at the base of
the D” layer. The source of the ULVZs may require distinct chem-
ical compositions with lower melting temperatures, i.e., materials

from subducting oceanic slabs impinging on the CMB (Ren et al,,
2007). The presence of partial melt above the CMB is a candidate
for producing the ULVZs (Andrault et al., 2012). The hydrous Fe-
bearing hydrous phases would eventually dehydrate at the base of
the lower mantle due to a steep temperature increase and water
released from dehydration might trigger partial melting and pro-
duce the seismic features of the ULVZs.
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