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Brucite is a common hydrous mineral on Earth and may contribute to the deep water cycle of the Earth,
but its stability and structure under mantle conditions remain uncertain. In this study, we investigated
the stability of brucite up to 60 GPa at 800 K and 45 GPa at 1850 K. Within the experiment P-T conditions,
no theoretically predicted new phase was observed, and brucite remained in the P3

�
m1 structure. With

the determined thermal EoS of brucite and the elastic parameters of mantle minerals, we modeled the
velocity and density profile of subducted hydrous harzburgite in the top lower mantle, assuming that
the water was stored in brucite and phase D. Based on the modelling, 1 wt.% water will reduce the veloc-
ity and density of harzburgite by � 5% and � 2%, respectively, yet whether the water is stored in brucite
or phase D has weak influence on both density and velocity. With a water content up to 2.4 wt.%, the den-
sity of hydrous harzburgite could be reduced to 2.2(2)%–2.8(2)% lower than the surrounding mantle,
while the VP and VS of hydrous harzburgite are still 0.3(1)%–0.7(1)% and 0.7(2)%–1.8(2)% higher than that
of the normal mantle. Thus, the low-density hydrous harzburgite may slow down the subducting of slab,
despite being a high-velocity body in seismic observations.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Petrological studies have discovered the presence of hydrous
ringwoodite and ice VII as diamond inclusions originating from
the bottom transition zone or even the top lower mantle in various
locations of the Earth, indicating that at least some regions of the
Earth’s mantle could be very hydrous (Pearson et al., 2014;
Tschauner et al., 2018). Since most hydrous minerals in the sinking
slabs will dehydrate continuously with increasing depth, only a
few, such as dense hydrous magnesium silicates (DHMSs), d-
AlOOH, and Fe2OHx, which were formed by a succession of phase
transitions, may survive at relevant pressure–temperature (P-T)
conditions of the Earth’s transition zone and lower mantle (e.g.
Litasov et al., 2007; Litasov et al., 2008; Nishi et al., 2014; Li
et al., 2016; Duan et al., 2018; Liu et al., 2019; Ohtani, 2020; Piet
et al., 2020). Searching for stable hydrous minerals/phases at rele-
vant P-T conditions of the Earth’s lower mantle is thus critical to
understanding the transportation and circulation of water in the
Earth’s deeper interior.

Brucite, [Mg(OH)2], is the simplest hydrous mineral in the MgO-
SiO2-H2O (MSH) system containing 30.8 wt.% water (50 mol.%)
(Fig. 1) (Walter et al., 2015). The stability of brucite at relevant P-T
conditions of the mantle has attracted extensive research interest
over decades (e.g. Fei andMao, 1993; Duffy et al., 1995; Fukui et al.,
2005; Guo, 2016). Brucite crystalizes in the trigonal structure with

the space group P3
�
m1 under ambient conditions, while it was theo-

retically predicted to change into the P3
�
-phase and P41212 structure

under highpressure (HermannandMookherjee, 2016). Of particular
interest is the new P41212 structure (Hermann and Mookherjee,
2016). Although this new high-pressure phase with a compact 3D
structure could be stable up to 35 GPa and 800 K and regarded as
the potential water-carrier to transport water to the Earth’s bottom
transition zone and the top lower mantle, it has not been confirmed
by experimental studies (Hermann andMookherjee, 2016).

In addition to phase stability, the dehydration of brucite at high
P-T has been an extensive research subject for years. The dehydra-
g).
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Fig. 1. Hydrous magnesium silicate in the MgO-SiO2-H2O system. Br: brucite; Ol:
olivine; Wds: wadsleyite; Rwd: ringwoodite; Bdg: bridgmanite; Shy-B: superhy-
drous Phase B.

Fig. 2. Phase diagram of brucite at high P-T. (a) Phase diagram of brucite under
mantle condition. Red: brucite; blue: MgO+H2O. Circles: powder brucite in this
study; circles with points: single-crystal brucite in this study; left triangle: Fukui
et al. (2005); up triangle: Fei and Mao (1993); hexagon: Shieh et al. (1998); square:
Nishi et al. (2014); brown line: geotherms in the mantle (Brown and Shankland,
1981); (b) high pressure phase diagram of brucite comparing with theoretical
calculations. Circles: powder brucite in this study; circles with points: single-crystal
brucite in this study; gray dashed lines: theoretical phase boundaries from
Hermann and Mookherjee (2016).
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tion temperature of brucite increases nonlinearly with pressure
and reaches a maximum of �1500 K at 10 GPa (Irving et al.,
1977; Fukui et al., 2003). Elevating the pressure to 19.4 GPa leads
to a decrease in the dehydration temperature of brucite to �1320 K
(Fukui et al., 2005). Although the calculated dehydration curve
indicated that brucite would decompose into MgO and water–ice
above 25 GPa, brucite was experimentally observed to exist up to
78 GPa/600 K and 70 GPa/750 K (Fei and Mao, 1993). Slow trans-
formation kinetics may prevent the decomposition of brucite
above 25 GPa (Fei and Mao, 1993). In the multicomponent system,
brucite was experimentally observed to coexist with phase D or
stishovite at 19.8–50 GPa and 1000–1250 K and was noted to be
present as a minor phase to hydrous ringwoodite as diamond
inclusions in mantle xenolith (Ohtani et al., 1995; Irifune et al.,
1998; Ohtani et al., 2000; Nishi et al., 2014; Pearson et al., 2014).
However, the dehydration of brucite above 20 GPa has not been
well constrained by experimental studies.

Our study employed synchrotron X-ray diffraction (XRD) utiliz-
ing both external- and laser-heated diamond anvil cells (DACs) to
investigate the phase stability of brucite at high P-T conditions.
External heating experiments were conducted up to 29 GPa and
1150 K, while laser heating experiments covered a pressure range
of 21–49 GPa at temperatures between 1100 and 1800 K. By inte-
grating our findings with existing literature data, we determined
the phase stability, density variations, and seismic velocity profiles
of brucite at mantle P-T conditions. These insights contribute to a
comprehensive understanding of brucite’s fate and the dynamics
of water circulation within the Earth’s mantle.

2. Experiments

Natural single-crystal brucite from the mineral collection of the
Department of Geosciences at Princeton University was used in the
high P-T X-ray diffraction (XRD) experiments. The chemical com-
position of brucite, Mg(OH)2, was determined by electron micro-
probe at the Material Center of the University of Science and
Technology of China. We also performed XRDmeasurements under
ambient conditions to confirm its crystal structure. The brucite

sample used in this study is in P3
�
m1 structure, and the lattice

parameters under ambient conditions were a = 3.1473(7) Å and
c = 4.7475(12) Å, with a unit cell volume, V0, of 40.72(3) Å3.

Both polycrystalline and single-crystal brucite were used in
high P-T experiments. The powder sample was grinded from a
2

well-calibrated single-crystal brucite. For externally-heating
experiments, the well-grind brucite powder was pressed
into � 15 lm thick foils and then loaded into the externally-
heated diamond anvil cells (EHDACs). Two pieces of Pt foils were
placed beside the sample for pressure measurement under high
P-T, and a ruby was also loaded near the sample for the pressure
measurement during gas loading (Dewaele et al., 2006; Fei et al.,
2007). For the laser-heating experiments, we mixed the powder
brucite with 10 wt.% Au as the pressure calibrant and laser absor-
ber which were then pressed into �15 lm thick foils and loaded
into the laser-heated diamond anvil cells (LHDACs) (Fei et al.,
2007). The single crystals were double-side polished to �15–20
lm in thickness. The samples were cut into 40 lm � 40 lm pieces.
Two Pt foils of �10 lm diameter were placed near the sample as
the pressure calibrant, and Ne and Re were used as the pressure
medium and gasket material for the high P-T measurements,
respectively. The EHDACs were equipped with a pair of 400-lm,
or 200-lm culet diamonds for experiments up to 40 GPa and
63 GPa, respectively. Heat inside the EHDACs was supplied by an
alumina ceramic heater which was coiled by two 87Pt-13Rh alloy
wires. The LHDACs were equipped with a pair of 300-lm culet
diamonds for experiments up to 49 GPa.

We performed the high-pressure and 300 K powder XRD mea-
surements at sector BL15U1 of Shanghai Synchrotron Radiation
Facility with a wavelength of 0.6199 Å (Fig. 2). The XRD patterns
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were collected in the range of 2–50 GPa. The high P-T synchrotron
XRD measurements using EHDACs were performed at both sectors
13-BMC and BMD of the Advanced Photon Source (APS) at Argonne
National Laboratory (ANL). The X-ray wavelength is 0.3344 Å in
BMD and 0.434 Å in BMC. The maximum experimental tempera-
ture below 30 GPa using EHDACs was 1150 K and limited to
800 K for experiments between 30 and 63 GPa. XRD patterns were
collected at an interval of 50–100 K at high P-T conditions. The
duration for heating was up to 1–2 h when the temperature was
higher than 800 K. Ar with 2% hydrogen was blown into the EHDAC
to avoid the oxidation of diamonds when the temperature was
higher than 800 K. The LHDAC experiments between 21 and 49
GPa up to 1850 K were performed at sector 13-IDD of the APS.
The used X-ray wavelength is 0.3344 Å. The pressure was calcu-
lated with the thermal EoS of Pt in EHDACs and with Au in LHDACs
(Fei et al., 2007). The difference in the calculated pressure using the
self-consistent pressure scale of Fei et al. (2007) between Au and Pt
is within � 1–2 GPa in the experiment P-T range (Ye et al., 2017).
From � 25 GPa, the sample was heated from both sides (upstream
and downstream) using a double-sided flat top laser, and the tem-
perature was determined by fitting the thermal radiation spectrum
with the Planck radiation function under the Graybody approxima-
tion (Prakapenka et al., 2008). The XRD patterns at high P-T condi-
tions were collected at every �100 K up to 1850 K.

3. Results

No detectable change was identified in the XRD patterns of
polycrystalline brucite in EHDACs up to 63 GPa and 800 K
(Fig. 3). At 1150 K between 24 and 30 GPa, we did not observe
the dehydration of single-crystal brucite by heating the sample
up to 2 h (Fig. 3). During laser-heating, a complete dehydration
of brucite was observed after a significant flash at 26 GPa and
1700 K and at 33 GPa and 1600 K, respectively (Fig. 2). Between
45 and 48 GPa, we observed a partial dehydration of brucite to
occur at 1400 K. Before dehydration, we did not observe detectable
change in the collected XRD patterns for the polycrystalline brucite
 29 GPa 1150 K

 23 GPa 300 K

 25 GPa 700 K

Single crystal Powder-E

(b)(a)

2θ (de

8 12 16 10 14

Fig. 3. Representative XRD patterns of brucite at high P-T. (a) The XRD patterns of single c
XRD patterns of powder brucite in LHDACs. Vertical ticks indicate the diffraction peak of
purple ticks: MgO. The X-ray wavelength in (a) and (c) is 0.3344 Å; the X-ray waveleng
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compared to the pattern collected at ambient conditions (Fig. 3).
Full-profile Rietveld refinement results have shown that brucite

remained in the P3
�
m1 at all the investigated P-T conditions (Fig. 4).

XRD data from polycrystalline sample were used to determine

the lattice parameters and thermal EoS of P3
�
m1 brucite (Table 1).

The pressure was determined by Au and Pt (Fei et al., 2007). The
obtained pressure–volume-temperature (P-V-T) data were fitted
using the Mie-Grüneisen equations (Table 1 and Supplementary
Data Fig. S1) (Jackson and Rigden, 1996). P is a combination pres-
sure of the Birch-Murnaghan EoS pressure (Pc) at a reference tem-
perature (T0 = 300 K) and the thermal pressure (Pth):

P ¼ Pc þ Pth ð1Þ
Following the Birch-Murnaghan EoS, Pc was derived as follows
(Birch, 1938):

Pc ¼ 3
2
KT0

V
V0

� ��7=3

� V
V0

� ��5=3
" #

� 1þ 3
4

K 0 � 4ð Þ V
V0

� ��2=3

� 1

" #( )

ð2Þ
where KT0 and V0 are the isothermal bulk modulus and molar vol-
ume at P0 and T0, respectively. The parameter K0 is the pressure
derivative of the bulk modulus. Pth can be written as (Jackson and
Rigden, 1996):

Pth V ; Tð Þ ¼ c
V

Eth V ; Tð Þ � Eth V ; T0ð Þð Þ½ � ð3Þ

where Eth is the internal thermal energy between temperature T
and T0, c is the Grüneisen parameter. Eth is associated with the
Debye temperature (hD), according to Jackson and Rigden (1996):

Eth V ; Tð Þ ¼ 9nRT
hD
T

� ��3 Z hD=T

0

x3

ex � 1
dx ð4Þ

and

c ¼ c0
V
V0

� �q

ð5Þ
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rystal brucite in EHDACs; (b) the XRD patterns of powder brucite in EHDACs; (c) the
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th in (b) is 0.434 Å.
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Fig. 4. Full-profile Rietveld refinement of the XRD patterns at representative pressure and temperature. (a, b) Refinement results at 14 GPa and 600 K with P3
�
m1 and P3

�

structure, respectively; (c, d) refinement results at 27 GPa and 600 K with P3
�
m1 and P41212 structure, respectively. Red line: refinement results; black cross: collected data.

Vertical ticks indicate different minerals and or structures. Red ticks: P3
�
m1 structure brucite; green ticks: P3

�
structure brucite; blue ticks: P41212 structure brucite; purple

ticks: Ne. The X-ray wavelength is 0.434 Å.

Table 1
Thermal elastic parameters of brucite in literature results.

KT0 (GPa) KT
0
0 V0 (Å3) hD0 (K) c0 q dK/dT (GPa/K) a0 (10�5 /K) a1 (10�8 /K) Pmax (GPa) Tmax (K)

This study 53(2) 4.8(2) 40.72(fixed) 626(fixed) 1.0(3) 0.7(2) 48 1850
56(3) 4.5(3) 40.72(fixed) �0.007(9) 1.3(6) 4.1(8) 48 1850

Fei and Mao (1993) 54.3(2) 4.7(0.2) 40.878 �0.018(8) 8.0(4) 77 600
Fukui et al., (2003) 41.8(1.3) 6.6(0.3) 40.930 �0.032(3) 6.7 23 873
Ma et al. (2013) 39.4(1.3) 8.4(4) 40.909 31 300
Jiang et al. (2006) 43.8(0.9) 6.8(2) 15 300
Xia et al. (1998) 39.6(1.4) 6.7(0.7) 40.8 8 300
Catti et al. (1995) 39(1) 7.6(0.7) 40.986 11 300
Nagai et al. (2000) 44(1) 6.7(fixed) 40.746 18 300
Duffy et al. (1995) 42(2) 5.7(0.5) 40.851 20 300
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where n is equal to 5, which represents the number of atoms in the
chemical formula of Mg(OH)2, R is the gas constant, c0 is the
Grüneisen parameter under ambient conditions, and q is assumed
to be independent of volume (Fei et al., 1992). hD can be calculated
as follows (Jackson and Rigden, 1996):

hD ¼ hD0exp � c� c0
q

� �
ð6Þ

The thermoelastic parameters obtained for brucite are listed in
Table 1, and fitting residuals are plotted in Supplementary Data
Fig. S1. Due to the tradeoff among hD0, c0, and q, these thermal
parameters could not be determined individually. Here, we fixed
the hD0 with the value from Ye et al. (2022). To better compare
our result with previous work, the high-temperature Birch-
Murnaghan EoS was also used to constrain the P-V-T data. The fitted
KT0, K0 and V0 with Birch-Murnaghan EoS are listed in Table 1.
4

4. Discussion

4.1. Phase stability of brucite

Our experimental results provide new support for the thermal
phase stability of brucite at high P-T conditions (Fig. 2). At 800 K,
brucite remains at least in the metastable state up to 63 GPa, which
is consistent with previous experimental results of Fei and Mao
(1993). Meanwhile, heating brucite at 1150 K between 24 and 30
GPa for two hours inside the EHDACs did not induce the decompo-
sition (Fig. 3). When laser-heated to 43 GPa and 1500 K, we
observed partial decomposition of brucite during in-situ XRD
experiment. It’s worth noting that the dehydration of brucite did
not occur between 25 and 35 GPa up to 1800 K. The dehydration
temperature observed here is greater than that in Fukui et al.
(2005). The difference in dehydration temperature could be attrib-
uted to the high kinetic energy barrier during the brucite decom-
position. In addition, in contrast to EHDAC experiments in which
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the XRD patterns were collected after two-hour heating, the heat-
ing time in LHDAC experiments is short and normally less than
10 min. The combination of high kinetic energy and limited heat-
ing time in our LHDAC experiments may impede brucite dehydra-
tion at relatively low temperatures. By combining our EHDAC
results with previous large-volume press studies, we constrain
the dehydration of brucite in the Earth’s mantle. Brucite could
enter the deep Earth with cold subduction slab and survive to
the top of lower mantle.

We further examined the stable high-pressure phase of brucite
using our collected XRD patterns. As mentioned above, no notice-
able change was detected in our collected XRD patterns at the
investigated P-T range before the decomposition (Fig. 3). However,

a lower-trigonal symmetry structure, P3
�
, formed by the transition

of protons from a dynamic positional disorder to a static positional
disorder, was theoretically predicted to be more favorable than the

P3
�
m1 brucite at high pressures (Mookherjee and Stixrude, 2006;

Hermann and Mookherjee, 2016). We thus performed the full-
profile Rietveld refinement for the XRD pattern at 15 GPa and

600 K using both P3
�
m1 and P3

�
structure. In general, all the diffrac-

tion peaks can be well refined using the P3
�
m1 structure with a fit-

ting residue as low as 6%. In contrast, the 004 peak with a 2h angle

of � 16.6� (d-spacing 1.158 Å) cannot be refined by the P3
�
struc-

ture, and the fitting residue using the P3
�
structure is as large as

15%. Between 20 and 33 GPa up to 800 K, brucite was predicted
to be stable in the P41212 structure which was regarded as the
potential carrier to transport water to the lower mantle
(Hermann and Mookherjee, 2016). We heated the sample over
2 h and searched for the potential presence of the predicted
P41212 structure. Full-profile Rietveld refinement was also per-
formed for the XRD pattern at 27 GPa and 600 K. However, the
peak with a 2h angle of � 9.8� (d-spacing 1.958 Å) cannot be
well-refined using the P41212 structure. The fitting residue of the
assuming P41212 structure is 11%, much greater than 6% refined
Fig. 5. c/a ratio of brucite at high pressures and 300 K. Solid symbol: this study; blue: 300
1500 K; red: 1700–1850 K. Open squares: high-pressure results from previous studies a
(2000); purple: Ma et al. (2013). Light orange triangles: results from Fei and Mao (1993
diamonds: results from Fukui et al. (2003) at 300 K; pink diamonds: results from Fukui e
red diamonds: results from Fukui et al. (2003) at 673 K.
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using the P3
�
m1 structure. In summary, we did not detect the phase

transition of the P3
�
m1 phase to either P3

�
or P41212 structure in

theoretical predictions (Hermann and Mookherjee, 2016). Brucite

remains in the P3
�
m1 structure at the investigated P-T range.

4.2. Lattice and thermal elastic parameters of brucite

Increasing pressure at 300 K leads to an apparent decrease in the
c/a ratio of brucite up to 10–15 GPa (Fei and Mao, 1993; Catti et al.,
1995; Duffy et al., 1995; Xia et al., 1998; Nagai et al., 2000; Fukui
et al., 2003; Jiang et al., 2006; Ma et al., 2013). Yet the c/a ratio of
brucite becomes independent of pressure upon further increasing
pressure (Fig. 5). Here, our calculated c/a ratio at 300 K is in general
agreement with most literature results up to 30 GPa (Fei and Mao,
1993; Catti et al., 1995; Duffy et al., 1995; Xia et al., 1998; Nagai
et al., 2000; Fukui et al., 2003; Ma et al., 2013). The c/a ratio of bru-
cite at 300 K in Fei andMao (1993) above 10 GPa ismuch lower than
all the other experimental results, which could be caused by no
pressure medium used in their study. Our experimental results
have also revealed that the increase in temperature has a minimum
influence on the c/a ratio of brucite. In contrast, the c/a ratio at 600 K
between 10 and 60 GPa in Fei and Mao (1993) is substantially
greater than that at 300 K. As mentioned above, no pressure med-
ium was used in Fei and Mao (1993). Elevating temperature may
help reduce the deviatoric stress inside the DACs, which may con-
tribute to the difference in the c/a ratio between 300 K and 600 K
in Fei andMao (1993). The c/a ratio appears to slightly increasewith
temperature in Fukui et al. (2003), although their high-temperature
results seem scattered. This may be caused by the deviatoric stress
inside the DAC using MgO as the pressure medium which is stiffer
than Ne used in this study.

The isothermal bulk modulus, KT0, of brucite is highly uncertain
and ranges between 36 and 54 GPa with the K0 = 4–6.7 (Fei and
Mao, 1993; Catti et al., 1995; Duffy et al., 1995; Xia et al., 1998;
Nagai et al., 2000; Fukui et al., 2003; Jiang et al., 2006; Ma et al.,
K; light blue: 400 K; green: 500 K; light yellow: 600 K; yellow: 800 K; orange: 1400–
t 300 K; light purple: Duffy et al. (1995); green: Xia et al. (1998); blue: Nagai et al.
) at 300 K; orange triangles: results from Fei and Mao (1993) at 600 K. Light pink
t al. (2003) at 473 K; dark pink diamonds: results from Fukui et al. (2003) at 573 K;
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2013) (Supplementary Data Fig. S2). When fitting the data under
300 K, we obtained a KT0 value of 53 GPa with K0 =4.8. We have
noted that previous XRD experiments were mostly conducted
below 30 GPa (Catti et al., 1995; Duffy et al., 1995; Nagai et al.,
2000; Fukui et al., 2003; Ma et al., 2013). A narrow experimental
pressure range could lead to a greater K0 value (Table 1) (Catti
et al., 1995; Duffy et al., 1995; Nagai et al., 2000; Fukui et al.,
2003; Ma et al., 2013). The KT0 value obtained here is greater than
the Voigt-Reuss-Hill average from the high-pressure Brillouin mea-
surements at 300 K (Jiang et al., 2006). Since brucite is highly ani-
sotropic, the Reuss and Voigt bound of brucite differ a lot. The
Reuss bound of KT0 from Brillouin measurements is 35.8 GPa with
the K0 = 8.9, while the Voigt bound of KT0 is 50.5 GPa with a lower K0

of 5.2 (Jiang et al., 2006). Our obtained KT0 value is in a better
agreement with the Voigt bound from Brillouin measurements
(Jiang et al., 2006). Previous XRDmeasurements reported KT0 closer
to the Voigt-Reuss-Hill (VRH) average in Brillouin study (Catti
et al., 1995; Duffy et al., 1995; Nagai et al., 2000; Fukui et al.,
2003; Ma et al., 2013). It should be noted that brucite exhibits an
anomalous change in the a/c ratio above 15 GPa. Fitting our P-V
data between 1 bar and 15 GPa with a fixed K0=6.8 yields a
KT0 = 45(2) GPa for brucite, which was also consistent with the
VRH average in Jiang et al. (2006). However, KT0 constrained from
experimental data at a much wider pressure range, like this study
and Fei and Mao (1993) is closer to the Voigt bound in Jiang et al.
(2006).

5. Geophysical implication

Up to 20% of the harzburgite layer in the subduction slabs could
be altered by water to form serpentine, brucite, as well as chlorite
(Hacker et al., 2003). The maximum water content in such altered
harzburgite was estimated to be 2.4 wt.% (Hacker et al., 2003).
Along some cold subducting slabs (700–1000 K lower than normal
mantle), these harzburgites can follow the subducting slabs into
the lower mantle (Kirby et al., 1996; Ganguly et al., 2009; Nishi
et al., 2013; van Mierlo et al., 2013; King et al., 2015). As shown
in our obtained phase diagram, brucite could remain stable along
(a)

(c)

800700 900
Depth (km)

Fig. 6. Density and velocities of mantle minerals in the lower mantle and subducted hydr
Shankland, 1981). (a) Density (q); (b) shear velocity (VS); (c) compressional velocity (VP);
lines: davemaoite; orange lines: phase D. The slab geotherm was assumed to be 1000 K
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a cold slab geotherm to the topmost lower mantle and coexist with
other hydrous phases in harzburgite (Ohtani et al., 1995; Kirby
et al., 1996; Irifune et al., 1998; Ohtani et al., 2000; Nishi et al.,
2014). Here, we have modeled the density (q) and velocity profiles
(VP and VS) of hydrous harzburgite with varying water content at
the topmost lower mantle to decipher the seismic signature of
hydrous slabs and the fate of water in the lower mantle (see Sup-
plementary Data for details). Numerous studies have indicated that
natural hydrous minerals will undergo phase transformation or
decomposition into Dense Hydrous Magnesium Silicates (DHMS)
under mantle conditions, and phase D is considered to be the pre-
dominant DHMS present at the top of the lower mantle (Irifune
et al., 1998; Nishi et al., 2014). We thus believed that water in
harzburgite is mainly stored in brucite and phase D at the topmost
lower mantle in our modeling. Due to the low water storage capac-
ity of bridgmanite (bdg) and ferropericlase (fp), we did not con-
sider the presence of water in bdg and fp. Once the dehydration
of brucite or phase D occurs, water will migrate to the overlying
mantle, which will increase the volume percentage of bdg and fp
in our modeling. Details in the change in mineral proportion after
dehydration is in Supplementary Data.

We first calculated the density and velocity of brucite and phase
D as well as lower mantle bridgmanite, ferropericlase, and dave-
maoite along a cold slab geotherm (Fig. 6) (Brown and
Shankland, 1981). Bridgmanite and ferropericlase contain 10 and
17 mol.% Fe, respectively, and the Al content in bridgmanite is
10%. Addition of Fe leads to a linear increase in the q, bulk, and
shear moduli of bridgmanite and ferropericlase at ambient condi-
tions (see Supplementary Data) (Jacobsen et al., 2002; Marquardt
et al., 2009; Yang et al., 2015; Fu et al., 2018; Fan et al., 2019).
Due to a low water storage capacity of bridgmanite and ferroperi-
clase and limited knowledge on the influence of water on the den-
sity and elasticity of these two minerals, water is only present in
brucite and phase D (Dong et al., 2021). Owing to lack experimen-
tal constraints, the temperature derivative of the shear modulus
(dG/dT) for brucite was assumed to be half of that of the bulk mod-
ulus. The pressure derivative of the shear modulus (dG/dP) for bru-
cite was from a previous Brillouin study (Jiang et al., 2006).
Bm

(b)

(d)

Fp
PhD

Bru

Dm

900800700
Depth (km)

ous harzburgite along slab geotherm (1000 K lower than normal mantle) (Brown and
(d) VP/VS. Red lines: brucite; blue lines: bridgmanite; green lines: ferropericlase; gray
lower than normal mantle (Brown and Shankland, 1981).
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Along a slab geotherm 1000 K lower than the normal mantle,
brucite has significantly lower q than phase D and lower mantle
minerals (Fig. 7). The density of brucite is 21(1)% lower than phase
D and 31(2)%–34(2)% lower than three lower-mantle minerals at
660–900 km depth. At the top lower mantle depth, the shear-
wave velocity (VS) of brucite is much lower than that of phase D,
bridgmanite, and ferropericlase but slightly greater than dave-
maoite. Due to the significant G’ of brucite compared to other min-
erals, the difference in the VS between brucite and other silicates
decreases with increasing depth. At 900-km depth, although the
VS of brucite is 7(1)% and 1(1)% lower than that of bridgmanite
and ferropericlase, it becomes 1(1)% and 4(1)% greater than that
of phase D and davemaoite, respectively. In contrast, the
compressional-wave velocity (VP) of brucite is 6%–17% lower than
that of other silicates at 660–950 km depth.

In a multi-component assemblage, we calculated the q and
elastic moduli following (Cottaar et al., 2014):

q ¼
X

qiV i ð9Þ
where qi and Vi are the density and volume percentage of the ith
phase, respectively. For the bulk and shear moduli,

M ¼ 1
2

X
ViMi þ

X
ViMi

�1
� ��1

� �
ð10Þ

where Mi is either bulk or shear modulus of the ith phase. Voigt-
Reuss-Hill average was applied to compute the bulk and shear mod-
uli. VP and VS were calculated as follows:

VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KS þ 4G=3

q

s
ð11Þ
900800700

Depth (km)1.0 wt.% water

(a)

(b)

(c)

(%)

(%)

(%)

Fig. 7. Modelled density and velocity in subducted hydrous harzburgite under the condit
VP difference between the pyrolite model and the harzburgite model with 1.0 wt.% wat
harzburgite model with 2.4 wt.% water. Pyrolite model was calculated along normal man
lower than normal mantle) (Brown and Shankland, 1981). The content of brucite and phas
average error bar in the calculation value was estimated to be 0.1%.
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VS ¼
ffiffiffiffi
G
q

s
ð12Þ

where KS is the adiabatic bulk modulus, and G is the shear modulus.
We followed the phase diagram of Ringwood and Irifune (1988) to
consider the change in phase and relative mineral proportion in
harzburgite in the topmost lower mantle. The Supplementary Data
(Fig. S3) shows a tradeoff in the volume proportion of brucite with
phase D in harzburgite with a constant water content.

With a slab temperature 1000 K lower than the normal mantle,
both density and sound velocity of dry harzburgite are greater than
the surrounding mantle (Supplementary Data Fig. S4). Addition of
water will lower the density and sound velocity of harzburgite.
Regardless of whether water is present as phase D or brucite in
harzburgite, the density of harzburgite with 1 wt.% water is almost
indistinguishable from that of normal mantle considering calcula-
tion errors. Meanwhile, the velocity difference between harzbur-
gite and the normal mantle has a weak dependence on whether
water is present in phase D or brucite. When the water content
in harzburgite is 1 wt.%, considering the trade-off between the con-
tents of brucite and phase D, the brucite content can vary from 0 to
4.8% (Supplementary Data Fig. S3). In this case, the VS of the water-
bearing harzburgite is 3.1(2)%–3.4(2)% faster than that of the nor-
mal mantle, and the VP is 1.7(2)%–1.8(2)% faster. At a depth of
900 km, the difference in VS between hydrous harzburgite and nor-
mal mantle slightly decreases to 2.6(3)%–2.8(3)%, while the VP dif-
ference is � 1.5(2)%. With a greater water content of 2.4 wt.%,
density of harzburgite will be 2.2(2)%–2.8(2)% lower than the nor-
mal mantle at 660 km depth. At this depth range, the VP and VS of
hydrous harzburgite are 0.3(1)%–0.7(1)% and 0.7(2)%–1.8(2)%
greater than the normal mantle, respectively. Such comparison
reveals that, harzburgite with 1–2.4 wt.% water, although still
900800700
Depth (km)2.4 wt.% water

(%)

(%)

(%)

(d)

(e)

(f)

ion of top lower mantle, with pyrolite as the reference. (a, b and c) are the q, VS and
er. (d, e and f) are the q, VS and VP difference between the pyrolite model and the
tle geotherm, while harzburgite was modelled along a cold slab geotherm (1000 K
e D shared a trade off with each other as shown in Supplementary Data (Fig. S3). The
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detectable seismologically as a high-velocity body, can decelerate
the descent of the subducted slab into the lower mantle due to
its density being similar to that of the normal mantle.

Meanwhile, the slab will undergo continuous heating after
entering the lower mantle, causing dehydration of brucite at the
depth of 800–900 km (Fig. 8). Due to the low solubility of water
in lower-mantle minerals, the released water could lower the soli-
dus of the overlying mantle and produce partial melts (Schmandt
et al., 2014). These hydrous partial melts are buoyant and the
desirable medium for diamond growth (Rohrbach and Schmidt,
2011). Lower-mantle ferropericlase or other lower-mantle miner-
als together with water released from the decomposition of bru-
cite, could be entrapped as inclusions within diamonds which
would return to the shallow depth through mantle upwelling
(Tschauner et al., 2018). In the shallower mantle, water captured
within diamonds will react with ferropericlase to form brucite
again (Palot et al., 2016). Brucite together with other mantle min-
erals as diamond inclusions will finally return to the Earth’s surface
and complete the water circulation (Rohrbach and Schmidt, 2011).

In summary, we have studied the phase stability and thermal
EoS of brucite up to 60 GPa at 800 K and 45 GPa at 1850 K. These
results together with previous experimental results are useful to
better constrain the dehydration condition of brucite in the Earth’s
mantle. More importantly, the collected XRD patterns allow us to
search for the theoretically predicted new high-pressure phase of
brucite high P-T conditions. However, our experimental results

have shown that brucite maintains the P3
�
m1 structure throughout

our investigated P-T range, and no new structure was identified.
Using the obtained thermal EoS, we further discussed the influence
of water on the density and velocity of subducted harzburgite in
the Earth’s lower mantle. In our modeling, brucite and phase D
were considered as the water-bearing phases. Our modeling has
8

revealed that both density of sound velocity of harzburgite have
a weak dependence on whether water is present in phase D or bru-
cite. Once the water content is above 1.0 wt.%, density of harzbur-
gite will become lower than that of the normal mantle, although
the sound velocity of harzburgite is still greater. A sustained
increase in temperature will result in the dehydration of brucite
at depths of 800–900 km. The released water could result in partial
melts and contribute to the growth of deep diamonds.
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