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Abstract In this study, we investigated the phase stability of Al-free and Al-bearing superhydrous phase

B (shy-B) up to 55 GPa and 2500 K. In comparison with Al-free shy-B, the incorporation of 11.7 wt.% Al,O,
in shy-B expands the stability by ~400-800 K at 20-30 GPa. The determined dehydration boundary for
Al-bearing phase D indicates that it could be present even at normal mantle geotherm conditions at 30—40 GPa.
Up to 23.8 mol.% Al,O, can be dissolved into the structures of akimotoite and bridgmanite as a result of

the decomposition reactions of Al-bearing shy-B and phase D between 20 and 40 GPa. Results of further
experiments indicate that 5-AIOOH is the stable hydrous phase coexisting with Al-depleted bridgmanite at
pressures above 52 GPa. This study shows that the incorporation of Al in dense hydrous magnesium silicates
can have a profound impact on our picture of the water cycle in the deep Earth.

Plain Language Summary Constraining the deep cycle of water has a tremendous impact on our
picture of the current state of the Earth and the evolution of the Earth's interior. Dense hydrous magnesium
silicates (DHMSs) are considered potential H,O carriers in the Earth's mantle. However, the DHMSs can
only be present at the relatively cold conditions of subduction slabs due their limited thermal stability. We
determined the phase stability of Al-bearing DHMSs at high pressure and temperature (P-T) conditions. Our
results show that the thermal stability of Al-bearing shy-B extends by 400-800 K with respect to its Al-free
counterpart at 600—800 km depth. The incorporation of Al also expands the phase stability of phase D and
enhances the likelihood of its occurrence at normal mantle conditions at 800—1100 km. In addition, we observe
that 23.8 mol.% Al,O, can be dissolved into the structures of akimotoite and bridgmanite as a result of the
decomposition reactions of Al-bearing shy-B and phase D between 600 and 100 km depth. Furthermore,
8-AlOOH is the stable hydrous phase coexisting with Al-depleted bridgmanite in the MgO-SiO,-Al,0,-H,0
system at pressures above 52 GPa and 1500 K.

1. Introduction

Ice-VII, brucite and hydrous ringwoodite were found in diamond inclusions indicating the occurrence of free
H,O-bearing fluids and hydrous minerals in the transition zone (TZ) and the uppermost lower mantle (ULM)
(Palot et al., 2016; Pearson et al., 2014; Tschauner et al., 2018). Seismic low velocity zones (LVZs) observed
by seismology in the ULM might be related to the presence of melts associated with dehydration of hydrous
minerals (Liu, Irifune, et al., 2016; Schmandt et al., 2014). There are also many high anisotropy regions with
large shear wave splitting at the depth of the TZ and ULM near subducted slabs (e.g., Brudzinski & Chen, 2003;
Di Leo et al., 2012; Wookey et al., 2002). The seismic anisotropy observed in these regions has been attributed
to the presence of dense hydrous magnesium silicates (DHMSs) such as superhydrous phase B (shy-B) and phase
D (Ph-D) (Rosa et al., 2013, 2015). DHMSs are potential H,O carriers into the deep Earth (e.g., Frost, 1999; E.
Ohtani, 2005). Thus, investigating their physical properties and phase stabilities is important to understand seis-
mic anomalies in the deep inside of our planet (e.g., Koch-Miiller et al., 2005; Li et al., 2016; E. Ohtani, 2020;
Yang et al., 2017).

The thermal phase stability field of Mg-endmember shy-B (Mg,,Si,0,,H,) in the system MgO-SiO,-H,0 (MSH)
was examined up to 31 GPa and the results indicate that shy-B remains stable up to 23 GPa and 1700 K above
which it decomposed to hydrous ringwoodite (Ohtani et al., 2003). At pressures higher than 30 GPa shy-B decom-
poses to Ph-D, MgO and bridgmanite at 900 K (Ohtani et al., 2003). The phase stability of Mg-endmember Ph-D
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was examined up to 25 GPa and 1700 K using a large volume press (LVP) and up to 53 GPa at 2100 K in a laser
heated diamond anvil cell (Frost & Fei, 1998; Shieh et al., 1998). Al,O, is a major chemical component of the
solid Earth, and the Al,O, contents in pyrolite bulk mantle and in the basalt layer of subducted oceanic lithosphere
range between 4 and 16 wt.% (Stolper, 1980; S. S. Sun, 1982). Thus, experiments in the MgO-Al,0,-SiO,-H,0
(MASH) system and their results will reflect a more realistic picture of the phase relations in the Deep Earth.
The incorporation of Al in the structure of DHMSs will expand their thermodynamic stabilities to higher P-T
conditions (Kakizawa et al., 2018; Pamato et al., 2015; Xu et al., 2021). A recent study shows that shy-B with
~30 wt.% Al,O, could remain stable up to 24 GPa and 2300 K (Kakizawa et al., 2018). Ph-D with 21 wt.% Al,O,
is stable between 14 GPa, 1200 K and at least 25 GPa, 1800 K and the Al-end-member of Ph-D (AL,SiO,(OH),)
has been proven to be stable at 26 GPa and 2300 K (Pamato et al., 2015; Xu et al., 2019). However, the dehy-
dration boundaries and the decomposition products of Al-bearing shy-B and Ph-D at high P-T are still poorly
constrained and need to be further explored. In this study, we investigated in-situ the thermal phase stability of
Al-bearing shy-B and Ph-D up to 55 GPa and 2500 K. The dehydration boundaries and decomposition products
of Al-bearing shy-B and Ph-D were determined at high P-T conditions. Our results add a piece to the puzzle that
might clarify the water cycle in the topmost lower mantle.

2. Experiments

Al-free and Al-bearing shy-B (Al-shy B) were synthesized in a rotating multi-anvil press at the GFZ, Potsdam.
The chemical compositions are Mg, 5,Si, oAl ,,H; 1,0, and Mg, ,Si, ;AL 5,0, H, ¢, respectively. Details of
the multi-anvil press setup, the synthesis and characterization of the shy-B are reported in Deon et al. (2011) and
Li et al. (2022), respectively. Both resistive and laser heating experiments in diamond anvil cells (RH-DACs,
LH-DACs) were performed in this study.

The RH-DAC experiments were performed using a four-pin DAC (4pDAC) equipped with an internal graphite
heater (details for the setup can be found in Carl et al. (2018), Liermann et al. (2009)). The RH-DAC and a
cooling holder made of copper were placed into a vacuum vessel to avoid the oxidation of components of the
RH-DAC assembly. The XRD experiments were performed at the Extreme Conditions Beamline (ECB, P02.2) at
PETRA III, DESY (Hamburg, Germany). X-ray diffraction (XRD) images were collected in steps of 100 K and
3-5 GPa up to 35 GPa and 1280 K. At each P-T point the sample was heated for about 1 hr. More details about
sample loading and beamline setup can be found in Text 1 in Supporting Information S1.

In the laser heating experiments, a pellet of finely powdered shy-B (gently packed between two diamonds) was
sandwiched between 2 pieces of 2 pm thick Pt foil. Several small grains of Al-bearing shy-B were placed on the
two diamonds culets providing space for the pressure transmitting medium while preventing the direct contact
between Pt foils and diamonds (Figure S1 in Supporting Information S1). Re gaskets were pre-indented to 30 pm
in thickness and a 150 pm hole was drilled at the center of the indentation, acting as the sample chamber. Ne
was loaded into the chamber as a thermal insulator and pressure transmitting medium. In the LH experiments,
using a beamsplitter, one laser (4 = 1,072 nm) was split into two separate beams, each focused on one of the two
sides of the sample in the DAC while the hot-spot produced by the two laser beams was aligned with the X-ray
beam. XRD images were collected before, during and after each heating cycle with collection times of 20 s (see
Supporting Information S1 for details).

3. Results and Discussions
3.1. Phase Stability of Al-Bearing Shy-B and Ph-D

The P-T conditions and results of RH-DAC experiments are shown in Table S1 and Figure S2 in Supporting
Information S1. Due to the presence of pyrope coexisting with Al-bearing shy-B in the starting materials, the
RH-experiments contained some pyrope. At each selected pressure-temperature point, the entire sample chamber
was mapped by X-ray diffraction on a 7 X 7 grid (with a step size of 6 pm) by means of a 3 (v) X 8 (h) pm? X-ray
beam to locate the best position with maximum signal from Al-bearing shy-B. Our results show that Al-bearing
shy-B with 1.35 Al pfu remains stable without any decomposition up to 34.5(9) GPa and 1280 K (Table S1 and
Figure S2 in Supporting Information S1). A previous study using the LVP shows that Al-free shy-B decomposed
at 30 GPa and 900 K (Ohtani et al., 2003). This indicates that the incorporation of Al in the structure of shy-B
expands its phase stability to higher temperature.
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Figure 1. Representative X-ray diffraction patterns of Al-bearing shy-B at high pressures between 20 and 55 GPa and high temperatures between 1200 and 2550 K. Ne:
neon; Pt: platinum; Al-shy-B: Al-bearing superyhydrous phase B; Al-Aki: Al-bearing akimotoite; Al-Phase D: Al-bearing phase D; Al-Brd: Al bearing bridgmanite;
Brd: bridgmanite. The asterisks indicate peaks of Pt hydride (PtH,); the question mark indicates an unknown peak. Note that: in (c), due to the very limited Al-bearing
shy-B at 54.8 GPa and 1950 K, we consider that the Al-bearing shy-B should be metastable in this condition.

The phase stability of Al-bearing and Al-free shy-B were also investigated in LH-DACs. The experimental details

are listed in Table S1 in Supporting Information S1. Pt was used as pressure marker up to the decomposition

of shy-B. After shy-B decomposition, the release of H,O caused a reaction with Pt forming PtHy rendering Pt

useless for pressure determination (Sano et al., 2008; Schwager et al., 2004). Therefore, MgO produced during

the breakdown of shy-B was used as a pressure calibrant (Speziale et al., 2001). Our high P-T experiments show
that Al-free shy-B decomposes to MgO and ringwoodite at 24 GPa and 1800 K (Table S1 in Supporting Infor-
mation S1). Along the 30 GPa quasi-isobar, with increasing temperature, we first observe the decomposition of
Al-free shy-B to Ph-D and MgO at 1800 K followed by the transition of Al-free Ph-D to bridgmanite at 2000 K
(Table S1 in Supporting Information S1). We note that, in our LH-experiments on Al-free shy-B, the starting
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Figure 2. Reaction diagram of Al-bearing shy-B between 20 and 55 GPa at
1200-2500 K. Dashed red curve: average mantle geotherm; orange dashed
curve: temperature profile of the interface between basalt and peridotite layer;
cyan curve: thermal profile of a cold slab. The magenta dashed line represents
the dehydration boundary of Al-free shy-B from Ohtani et al. (2003). The
green dashed line indicates the dehydration of Al-bearing DHMSs from Xu

et al. (2021). Dashed gray lines: stability limit of Al-free and Al-bearing phase
D form Walter et al. (2015). The solid lines indicate the P-T experimental
paths for each heating cycle (red, green and blue are used to distinguish two
similar P-T paths, respectively). The dash dotted lines indicate the reaction
boundary between different phases.

temperature of the dehydration experiment was 1800 K; thus, this data point
only represents an upper bound of the dehydration reaction of Al-free shy-B,
while the actual thermodynamic boundary is located at lower T, as indicated
in Ohtani et al. (2003).

The decomposition products of Al-bearing shy-B strongly depend on the P-T
path followed during the experiments. For example, heating at a starting pres-
sure of 22 GPa resulted in the decomposition of Al-bearing shy-B to pyrope
and akimotoite at 20 GPa and 2000 K. The formation of pyrope is most prob-
ably caused by a change of the P-T conditions from 24 GPa to 1600 K to
20 GPa and 2000 K during the heating; the pressure decrease could lower
the Al content in akimotoite and promote the formation of pyrope (Kubo
& Akaogi, 2000). At higher pressure conditions, two other experimental
runs indicate that Al-bearing shy-B starts to transform to MgO and akimo-
toite without pyrope at 22-26 GPa above ~1600 K (Figures 1a and 2). With
increasing temperature, Al-bearing shy-B completely transforms to akimo-
toite and MgO at ~2000 K (Figures 1a and 2). We also observed the phase
transition from akimotoite to bridgmanite at 24 GPa and 2000 K (Table S1 in
Supporting Information S1). However, the P-T conditions changed to 30 GPa
and 1700 K after the phase transition. It is worth mentioning that this is the
only P-T path which crossed the phase transition between akimotoite and
bridgmanite in all our experiments. The result also indicates that the phase
transition between akimotoite and bridgmanite in the presence of H,O and Al
is located at 24-30 GPa and 2000 K (corresponding to 660—800 km depth in
Earth's mantle) that is at conditions of the topmost lower mantle. The results
further suggest that Al-bearing akimotoite is not a low temperature phase but
can remain stable up to 2000 K.
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The experiments in the pressure range between 30 and 40 GPa show that Al-bearing shy-B starts to transform
to Al-bearing Ph-D and MgO at 1600 and 1400 K (Figures 1b and 2); thereafter it coexists with Al-bearing
Ph-D and MgO up to 1900 and 1670 K at 29 and 38 GPa, respectively (Figures 1b and 2). Bridgmanite is then
formed at 1800 K, 29 GPa and at 1700 K, 37 GPa in the two experiments. Interestingly, our results indicate that
Al-bearing Ph-D could coexist with bridgmanite and remain stable up to 2400 and 2000 K at 30 and 40 GPa
(Figures 1b and 2). At higher pressure, Al-bearing shy-B transforms to MgO and §-AIOOH phase at 52 GPa
and 1430 K. With increasing temperature, bridgmanite forms at 54.8 GPa and 1700 K and Al-bearing shy-B
completely decomposes at 1900 K (Figure 1c).

Our results place first constraints on the dehydration boundary and the decomposition products for Al-bearing
shy-B in the pressure range between 20 and 54.8 GPa. The phase stability of Al-free shy B has been fully inves-
tigated by in situ X-ray diffraction experiments in a LVP (Ohtani et al., 2003). Al-free shy-B decomposes to
MgO, hydrous ringwoodite, Ph-D, bridgmanite and H,O, and the decomposition boundary shows a negative
Clapeyron slope (Ohtani et al., 2003) as it is also shown in Figure 2. Our result suggests that the incorporation
of Al in the system will significantly change the phase relations in the DHMSs. Between 20 and 24 GPa, the
incorporation of Al could inhibit the formation of hydrous ringwoodite and promote the formation of akimotoite
and MgO. However, a recent study using the LVP did not observe the formation of Al-bearing akimotoite in the
same pressure range (Xu et al., 2019). The incorporation of Al will also expand the stability of shy-B to higher
temperatures between 20 and 24 GPa. Al-free shy-B transforms to MgO, Ph-D and bridgmanite at ~1000 K
and 30 GPa (Ohtani et al., 2003). However, both our RH- and LH-experiments show that Al-bearing shy-B is
preserved at temperatures up to ~600 K higher temperature than the Al-free composition at 30 GPa. A previous
study on shy-B with 7-14 wt.% Al,O, shows that it could remain stable to 24 GPa and 1700-1900 K (Kakizawa
et al., 2018), which is 100 K lower, however compatible within uncertainties with the dehydration boundary
determined in our study, that is 2000 + 200 K. Such agreement also confirms our claim that our experiments
probe equilibrium conditions.

The phase stability of Al-bearing Ph-D may also be assessed using the data from this study. Previous studies
of the MSH system show that Ph-D is stable at 30-50 GPa and 1200-1800 K (Walter et al., 2015). In contrast,
when AL O, is added to the system, the experiments on the MASH system indicate that Ph-D could coexist with
bridgmanite and phase H between 35 and 54 GPa at 1400-1800 K (Walter et al., 2015). Our results show that
Al-bearing Ph-D can remain stable at 28 GPa and 1800 K and it is not stable at pressures beyond 53 GPa, which
is consistent with previous studies (Walter et al., 2015). According to the results of Pamato et al. (2015) and Xu
et al. (2019), Al-bearing Ph-D could remain stable up to 26 GPa and 2300 K but the decomposition boundary
was still unknown until now. Another study shows that 1 wt.% Al,O, in the MASH system could increase the
stability of Ph-D by ~200 K and delay its decomposition to 2000 K and 24 GPa (Ghosh & Schmidt, 2014). Our
results with higher Al content in the system indicate that Al-bearing Ph-D could remain stable up to 2400 K at
30 GPa which is much higher than the reported stability limit for Al-free Ph-D determined in previous studies
(e.g., Nishi et al., 2014).

3.2. Al Partition in the Mantle Minerals at High Pressure and Temperature

The experiments we performed also provide information about the partitioning of Al in the phases produced by
the breakdown of Shy-B, that is akimotoite, bridgmanite and 8-AIOOH in the different pressure regimes. Using
the XRD measurements performed at high pressure after temperature quenching, we determined the unit-cell
parameters of the decomposition products, akimotoite and bridgmanite, at high pressures and 300 K (Figure 3).
The unit-cell volume of akimotoite, formed during decomposition of Al-bearing shy-B, is 1.6% smaller than
that of Al-free akimotoite (Wang et al., 2004). Both theoretical and experimental studies indicate that the incor-
poration of Al in the structure of akimotoite produces a decrease of its unit-cell volume (Panero et al., 2006;
Siersch, 2019). The unit-cell volume of akimotoite in our experiment is also smaller compared to the unit-cell
volume of akimotoite with 20 mol % Al,O, (Siersch, 2019) (Figure 3a). Our interpretation is that the Al content
in our akimotoite is higher than 20 mol%: if during the decomposition of Al-bearing shy-B all the Al released
from shy-B dissolves in the structure of akimotoite, the Al,O, content in akimotoite would be 23.8 mol% with a
(Mg 7634l 235) (Al 53551, 763)O; composition. Thus, the small unit-cell volume of akimotoite in this study indi-
cates that indeed all Al,O, from Al-bearing shy-B was incorporated into akimotoite. This interpretation is further
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Figure 3. Comparison of the unit-cell volumes of akimotoite and bridgmanite with different Al-content at high pressure
and 300 K. (a) Compression curves of akimotoite with different Al contents; akimotoite in our experiment is produced by
the decomposition of Al-bearing shy-B. Blue line: Al-free akimotoite (Wang et al., 2004); green line: 5 mol.% Al-bearing
akimotoite (Siersch, 2019); black line: 20 mol.% Al-bearing akimotoite (Siersch, 2019). (b) Compression curves of
bridgmanite with different Al contents. Bridgmanite observed in our experiments is a decomposition product of Al-bearing
and Al-free shy-B. The dashed line represents the results of Al-free bridgmanite from Tange et al. (2012). Red, blue, cyan,
magenta lines indicate the unit-cell volumes of bridgmanite with 25, 20, 10, 5, and 0 mol.% Al-content (Walter et al., 2004).

supported by the fact that our XRD images do not show peaks belonging to any independent Al,O, phase such
as corundum (Figure 1a).

The unit-cell volume of bridgmanite produced by the decomposition of Al-free and Al-bearing shy-B was also
determined at high pressure and 300 K, that is, after temperature quenching (Figure 3). Previous studies indi-
cate that Al incorporation increases the unit-cell volume of bridgmanite (Liu, Irifune, Nishi, et al., 2016; Liu,
et al., 2017; Panero et al., 2006; Walter et al., 2004). Thus, the unit-cell volume could be used to infer the Al
content in bridgmanite. Our results show that the unit-cell volume of bridgmanite, formed during the decompo-
sition of Al-free shy-B, is equal to that of Al-free bridgmanite (Figure 3b). In contrast, the bridgmanite formed
between 30 and 40 GPa during the decomposition of Al-bearing shy-B has a much larger unit-cell volume than
the Al-free composition suggesting that in these experiments Al is incorporated into the structure of bridgmanite.
We compared the unit-cell volumes determined in this study with those of bridgmanite with 0-25 mol.% ALO,
content (Tange et al., 2012; Walter et al., 2004). However, the equation of state (EoS) of Al-free bridgmanite by
Tange et al. (2012) is different from that obtained by Walter et al. (2004) and the difference is most probably
caused by the systematic disagreement between the pressure scales used in these studies. MgO was used as the
pressure calibrant in our study and in the work by Tange et al. (2012), while KBr was used as the pressure calibrant
in Walter et al. (2004). Although there is a difference between the MgO pressure scales of Speziale et al. (2001),
the one we use to determine pressure in our experiments, and that of Tange et al. (2009) at high temperature, the
difference is less than 1 GPa at 300 K. To compare the results of the different studies, we corrected the pressures
in Walter et al. (2004) to MgO (details can be found in in Supporting Information S1) using the results by Tange
et al. (2012) as a reference. The comparison of the unit-cell volumes of bridgmanite reveals that the decompo-
sition product of Al-bearing shy-B in our experiments has an Al,O, content ~20-25 mol % which is consistent
with the estimation from the reaction. The significantly increased unit-cell volume of bridgmanite indicates
that all the Al,O, decomposed from Al-bearing shy-B could be incorporated into the structure of bridgmanite
between 28 and 42 GPa. More interestingly, bridgmanite produced by our heating experiment at 52-54.8 GPa,
and T-quenched (Figure 3b; in this case pressure increases to 58 GPa due to temperature quenching) has a
unit-cell volume equal to that of Al-free bridgmanite. This indicates that the Al content in bridgmanite in this
study is very small at pressures above 52 GPa. The reduced Al content in bridgmanite at these conditions can
be explained with high Al partitioning into 8-AIOOH rather than into coexisting bridgmanite. Similar to our
results, Ohira et al. (2014) showed that Al-bearing bridgmanite could react with water forming the solid solution
of 5-AIOOH—MgSiO,(OH), and preventing Al incorporation in bridgmanite between 68 GPa and 2010 K. Our
study, however, indicates that the Al-depleted bridgmanite can be formed already between 52 and 54.8 GPa. In
addition, a recent study also indicates strong Al partitioning in both Ph-D and Phase H resulting in Al-depleted
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Figure 4. Schematic mantle cross-section describing H,O transport via Al-bearing dense hydrous magnesium silicates
(DHMSs) in subducted oceanic lithosphere slabs. Zo: zoesite; amp: amphibole; law: lawsonite. The other abbreviations are
the same as in Figure 2.

bridgmanite between 25 and 28 GPa and 1300-1400 K (Ishii et al., 2022). Due to dehydration of Al-bearing Ph-D
at high temperature, we did not observe the coexistence of bridgmanite and Ph-D in the quenched sample in our
study. Consequently, we could not determine the Al partitioning between the Ph-D and bridgmanite at relatively
low temperatures. Because of the technical challenges involved in recovering the DAC samples after the exper-
iment and its high failure rate, we were not able at this time to match the in situ XRD partitioning estimations
with electron microprobe analysis (EMPA) of the recovered samples. A dedicated partitioning study could be part
of future work. In conclusion, our observations support the hypothesis that in the Al-bearing MASH system, Al
preferentially partitions in 3-AlOOH rather than in bridgmanite at pressures between 52 and 54.8 GPa.

4. Geophysical Implications

Shy-B and Ph-D are important water carriers into the deep Earth's interior. Their thermal stability is crucial
for understanding the transport of water in the mantle transition zone and lower mantle (Frost & Fei, 1998;
Ohtani, 2005). Al,O, content is equal to 4 wt.% in the pyrolite mantle and 16 wt.% in the basaltic crust layer
of subducted oceanic lithosphere (Stolper, 1980; S. S. Sun, 1982). In the upper mantle Al is mostly incorpo-
rated in garnet which transforms to bridgmanite and Ca-perovskite (davemaoite) at the bottom of the transi-
tion zone (Irifune & Tsuchiya, 2015). Studies on the MORB-H,O system show that no hydrous phases can be
formed at depths below ~300 km (Ohtani, 2005; Okamoto & Maruyama, 2004). Hydrous ringwoodite and garnet
decompose in the subducted slabs at topmost lower mantle depths, providing Al and water rich conditions. Liu
et al. (2017) showed that the solubility of Al,O, in bridgmanite is 6.7 mol% (6.8 wt.%) at 27 GPa and 1700 K.
Thus, a large fraction of the Al content of the basalt layer cannot be incorporated into the bridgmanite and the
excess Al may drive the formation of Al-bearing shy-B. In addition, the Al partition coefficient between shy-B
and bridgmanite increases with temperature (Kakizawa et al., 2018). We thus conclude that deeply subducted
oceanic slabs reaching depths of the topmost lower mantle, being relatively colder than the surrounding mantle,
are favorable environments for the formation of Al-bearing shy-B at the interface (transition) between the basaltic
crust and the underlying subducted peridotite layer (IBPL). Our new high-pressure-temperature reaction diagram
for Al-bearing shy-B can help to describe the water transport in the subducting slabs. As the upper layer of the
subducted slab is heated by the overlaying bulk mantle, we can assume that the temperature of the IBPL is 200 K
lower than the bulk overlaying mantle (Syracuse et al., 2010). In this scenario (Figure 4), Al-bearing shy-B could
transport H,O to the depth of ~1,000 km and then decompose to Al-bearing Ph-D and Al-depleted bridgmanite.
At depths larger than 1,000 km Al-bearing Ph-D is the main hydrous phase coexisting with Al-bearing bridgman-
ite. Along the IBPL thermal profile which is 200 K lower than the average mantle geotherm, most of Al-bearing
Ph-D decomposes and releases H,O to the mantle at the depth of 1,300 km.
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Below 1,300 km depth 8-AIOOH should be the major phase transporting H,O to the core-mantle boundary.
Our results also indicate that Al partitions into 3-AIOOH rather than into bridgmanite at 55 GPa and 1900 K.
Previous studies also indicate that H,O could react with Al-bearing bridgmanite producing 5-A10OH, phase H
(MgSiO,(OH),) and Al-poor bridgmanite (Ohira et al., 2014). Using the unit-cell volume of bridgmanite as a
constraint, our results indicate that the chemical composition of bridgmanite coexisting with 5-AIOOH is close
to Al-free. Although studies on the phase stability of 3-AIOOH are still controversial, they all conclude that
8-AlOOH could be the carrier of H,O deep down to the lowermost mantle which would extend the cycle of H,O
in the Earth interior down to 2,100 km or even to the core-mantle boundary at ~2,900 km (Duan et al., 2018;
Piet et al., 2020). Some recent studies indicate that the phase transition of Fe- and Al-depleted bridgmanite to
post-perovskite could explain the observed complex seismic structures in D’ beneath North and Central America
(van der Hilst et al., 2007; Kawai, Geller, et al., 2007; Kawai, Takeuchi, et al., 2007; N. Sun et al., 2018). Our
results suggest that the presence of DHMS phases in subducted slabs even at mid-lower mantle depth could also
control the Al content of bridgmanite producing Al-depleted bridgmanite ultimately affecting the seismic signa-
ture of the D’ discontinuity.

It should however be noted that Fe is a critical element in the interpretation of the structure and properties of
the Earth's mantle. Fe can be incorporated into the structure of DHMSs (e.g., Crichton et al., 1999; Ghosh &
Schmidt, 2014; Shieh et al., 1998). In the absence of systematic experimental data on the effect of Fe on the
stability of Al-bearing DHMSs, one previous study indicates that the incorporation of Fe and that of Al have
opposite effects on the stability of Ph-D at 24 GPa (Ghosh & Schmidt, 2014).

Ghosh and Schmidt (2014) show that the addition of 1 wt.% Al,O, in the structure of Ph-D could expands its ther-
mal stability by 200 K, while the combined incorporation of 1 wt% Al,O, and 4.3 wt.% FeO does not modify the
thermal stability of Ph-D with respect to the Al-free Mg-endmember. Based on this we suggest that the effect of 1
wt.% Al,O, on the phase stability of Ph-D could be balanced by that of 4.3 wt.% FeO (Ghosh & Schmidt, 2014).
However, in a realistic scenario similar to our IBPL model, the basaltic layer contains 4-16 wt.% Al,O and ~10
wt.% FeO which is very different from the compositions considered by Ghosh and Schmidt (2014). In the absence
of a systematic knowledge of the relative partitioning of Al and Fe in shy-B and other DHMS phases, we are
unable to quantify their combined effect on the stability of shy-B and Ph-D in deeply subducted oceanic plates.

While our study of the reaction behavior and phase stability of shy-B and Ph-D only considers the Fe-free system,
one may argue that in Al-rich systems like in IBPL more Al is probably incorporated in DHMSs than in the
relatively Al-poor, Fe-bearing systems (like the only examined by Ghosh & Schmidt, 2014) and consequently the
effect of Al incorporation rather than that of Fe controls the phase stability of DHMSs. However, the incorpo-
ration of any amount of Fe would significantly increase the density of DHMSs with additional consequences on
the thermodynamic and seismic properties of these phases, further complicating the scenario. Thorough inves-
tigations of the stability and thermal equation of state of (Fe, Al)-bearing DHMSs are needed.

Data Availability Statement

All the data for the phase diagram and unit-cell parameters are available on Zenodo (https://doi.org/10.5281/
zenodo.6320835).
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