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Brucite Mg(OH)3 is an archetypal hydrous mineral and it has attracted a great deal of attention. However, little is
known about the evolution of hydroxyl groups in brucite with respect to subduction fluids. We carried out Raman
measurements up to 15.4 GPa and 874 K via an externally heated diamond anvil cell, investigating the stability
of brucite under the conditions relevant to subducting slabs. The hydroxyl vibration mode A, (I) of brucite
is weakened under simultaneous high pressure-temperature conditions. Meanwhile, the presence of carbonated
solution can destabilize the hydroxyl groups of brucite at low pressure. Our results suggest that brucite releases
water when reacting with hydrogen carbonate ion to form magnesite MgCO3 in subduction zones. This implies
that the global water cycle is largely coupled with the deep carbon cycle in Earth’s interior.
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Brucite Mg(OH), is an important archetypal min-
eral for hydrous dense silicate minerals (HDSM) and
the end-member component in the Mg-H-Si—-O sys-
tem in the deep Earth. It is formed during olivine-rich
mantle hydration as a by-product of serpentinization
reaction between olivine and water:!']

2Mg>Si0,4 + 3H20 — Mg381205(OH)4 + Mg(OH)Q

This reaction implies that brucite may become an
important component in the mantle wedge, and some
petrology evidence indicates the existence of brucite
up to 20vol% in cold subduction zones.l* "]

The physical and chemical properties of brucite
have been extensively investigated at high pressure.
The electronic conductivity of brucite increases by
two orders of magnitude from 3.7 to 13 GPa at 450—
750 K.I) Moreover, brucite preferentially incorporates
deuterium over hydrogen with increasing pressure,
likely leading to an increasing D/H fractionation fac-
tor between brucite and water.["] This indicates that
the behavior of brucite in the deep Earth should
be significantly different from that of surface envi-
ronments. Furthermore, previous experimental and
theoretical studies suggest that brucite could remain
stable at high pressure up to 30 GPa under super-
cold subduction geothermal conditions.* '] With in-
creasing pressure up to 30 GPa at room temperature,
the Raman-active hydroxyl stretching vibration de-
creases at the rate of ~7cm ™! /GPa.[l High temper-
ature tends to make brucite decomposed into peri-
clase (MgO) and H3O. At ambient conditions, the
decomposition temperature is around 674 K;'>7 it
increases to 1574K at 11.5GPa and the decompo-
sition temperature then decreases with a ratio of
—20K/GPa above 11.5GPa.l'l A kinetic study on
brucite under high pressure-temperature (P-T') con-
ditions showed that the dehydroxylation rate is posi-

tively correlated with temperature but decreases with
increasing pressure.l'”'% These results indicate that
the stability of brucite can be controlled by both
pressure and temperature, whereas it remains unclear
about the effects of high P-T" on hydroxyl vibration of
brucite. Due to the behavior of hydroxyl group reflect-
ing the stability and dehydration of hydrous minerals,
the Raman spectroscopy on hydroxyl vibration could
thus be utilized to determine the stability of brucite
under extreme conditions.

Regarding the stability of brucite in the deep
Earth, most of the previous studies focused on the ef-
fects of pressure and temperature. However, the com-
plex chemical compositions may also affect the sta-
bility of brucite in subduction zones. Experiments
revealed that under the high P-T conditions, the sol-
ubility of calcite (CaCOg3) in aqueous solution dra-
matically increases, which results in HCOj3 -rich fluid
through the following reaction:['"]

CaCO3 + HT — Ca?* + HCO3 .

The hydrogen carbonate ion HCOj3 is likely to re-
act with the hydroxyl in brucite, which would influ-
ence the existence of brucite under the corresponding
P-T conditions. To clarify the stability of brucite in
subduction zones, we investigate how the hydroxyl vi-
bration of brucite would change with or without the
presence of HCOj3 aqueous solution at the simulta-
neous high P-T conditions via Raman spectroscopy.
These results provide new insights into the phase sta-
bility and hydroxyl evolution of brucite at the P-T
conditions related to subduction zones.

Polycrystalline Mg(OH), sample (CAS #1309-
42-8) was commercially purchased from Alfa Aesar
Chemical Company, Inc. For high-pressure experi-
ments at room temperature, a symmetric diamond
anvil cell (DAC) was applied, and the brucite pow-

Supported by the National Key Research and Development Program of China (Grant No. 2019YFA0708502).

*Corresponding author. Email: jin.liu@hpstar.ac.cn
(© 2021 Chinese Physical Society and IOP Publishing Ltd

038101-1


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org
SH-USER1
Text Box
HPSTAR
1263-2021


CHIN.PHYS.LETT. Vol.38, No.3(2021) 038101

der was placed in a 200-um hole on a pre-indented
T301 stainless gasket. For high P-T experiments,
the external-heating DAC was used to generate high
P-T environments, together with platinum (Pt) wire
heater. Argon (Ar) was condensed by liquid nitrogen
and loaded into the sample chamber as the pressure
medium due to its clear Raman spectrum background
at around 3600 cm~—!. To investigate the chemical sta-
bility of brucite in subduction fluids, brucite powder
and 1mol/L NaHCO3 aqueous solution were chosen
as starting materials. An Ar' laser at wavelength
532nm (green) (Coherent Verdi V2) is used for in
situ Raman spectroscopic measurements. The signal
was collected using the Princeton Instrument PIXIS
400 with an 1800 G/mm ruled grating. The tempera-
ture was measured using a K-type thermocouple that
was cemented to the anvil pavilion close to the tip
of the diamonds, coupled with a temperature con-
troller (Scistar-T'C-1000, Beijing Scistar Technology
Co., Ltd).

Brucite is a typical layered hydrous mineral of
MgOg octahedral layer with hydrogen atoms between
the interlayers.!'®) In this study, the Raman spectrum
of brucite at ambient conditions is illustrated in Fig. 1.
The A;4(I) mode corresponds to the hydroxyl vibra-
tion of brucite.['”) It was adopted to evaluate the fre-
quency shifts of hydroxyl bands in brucite under the
simultaneous high P-T conditions.

A ruby sphere in the diameter of 5-10 um was
placed next to brucite to determine the pressure in
the sample chamber. The effects of temperature and
pressure on ruby are assumed to be independent of

each other within the P—T range of this study.l*’-?!]
To determine the evolution of the ruby R; fluorescence
with increasing temperature for the ruby used in this
study, we collected a series of fluorescence spectra of
the ruby R; line up to 874 K at ambient pressure in the
external-heating DAC. The temperature shifts here
were established at ambient pressure and then sub-
tracted from the Ry line values measured at high P-T.
The pressure was calculated based on Ruby2020:[%%]

A
P[GPa] = 1.87(£0.01) x 103(%)
0

1+ 5.63(10.03)(%)},

where )¢ is the wavelength of the R; line at 694.25 nm
at ambient conditions. The maximum pressure uncer-
tainty is £2.2 GPa at 15.4 GPa and 874 K.[*']
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Fig. 1. Crystal structure and Raman spectrum of A1g(I)
mode for brucite at ambient conditions.
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Fig. 2. Pressure and temperature dependences of hydroxyl Aig(I) mode in brucite. Here (a) and (b) show the
pressure induced changes of Raman shifts and FWHM at ambient temperature, (c) and (d) are the temperature
induced changes of Raman shifts and the FWHM at ambient pressure, respectively.

At room temperature, the Raman spectra of
brucite were collected upon decompression from
15.4 GPa to 0.6 GPa. The change of hydroxyl band
of brucite at ~3650cm~' as a function of pres-

sure is plotted in Fig.2(a). The pressure depen-
dence of the hydroxyl A;4(I) Raman mode is around
—6.0(1)cm™!/GPa. It is close to the value of
—7cm~!/GPa reported in the previous research.”]
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Moreover, the pressure evolution of the full widths
at half maximum (FWHM) are plotted in Fig. 2(b).
The FWHM values of the hydroxyl Raman peak in-
crease with pressure at a rate of 2.3(1)cm~!/GPa.
Therefore, Raman shifts of the hydroxyl in brucite de-
crease with increasing pressure while the correspond-
ing Raman peak width is broadened. The negative
pressure dependence of the Aj4(I) mode suggests the
disorder of H atoms in the hydroxyl of brucite, signif-
icantly affecting the strength of intralayer hydrogen
bonds,[% %% and the positive pressure dependence of
FWHM indicates the anharmonicity from the common
softening of phonon modes under pressure.!*]

The Raman spectra of brucite were collected at
high temperatures up to 874 K. At ambient pressure,
we observed that brucite did not undergo complete
dehydration above 674K as previously reported,!'”
likely due to the relatively large grain size and short
heat duration at 724-874K. The temperature de-
pendence of the hydroxyl Aiz(I) Raman mode is
around —0.44(1) cm~! per 100K between room tem-
perature and 874K at ambient pressure [Fig.2(c)].
The FWHM values increase with increasing tempera-
ture [Fig. 2(d)], corresponding to the enhanced anhar-
monicity from thermal expansion of crystal lattice. In
contrast, Zhu et al.l’”! reported a distinct tempera-
ture dependence value of —1.76(10) cm~' per 100K
between 100 to 650 K. The discrepancy could not be
readily resolved even with considering the tempera-
ture overestimated by ~50-100K at high tempera-
tures, which is of less possibility in the two studies.
Hence, it is likely a result of the following two as-
pects: the different temperature ranges and starting
Mg(OH), samples. The negative temperature depen-
dence is mainly attributed to weakening hydroxyls in
brucite.['’]
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Fig. 3. Pressure-induced Raman shifts of hydroxyl A1, (I)
mode at ambient (black squares) and different tempera-
tures.

At 0.2-14.9 GPa, Raman spectra of brucite were
taken every 50 K between 300 and 874 K. The pressure
evolution of the A;4;(I) mode are plotted under dif-
ferent temperatures (Fig.3). At a given temperature,
Raman shifts of the hydroxyl stretching band decrease
linearly with increasing pressure at approximately
—6cm~!/GPa. That is, the pressure dependence of
hydroxyl band appears insensitive to high tempera-

tures. The linear fitting results are listed in Table 1.
The intercepts from different linear fittings follow a
positive relationship with increasing temperature, in-
dicating a positive temperature dependence at high
pressure. In the previous neutron diffraction research
on brucite,”?) with increasing pressure from ambient
pressure to 10.9 GPa, the distance between the inter-
layer O---O configurations decreases from 3.229(2) A
to 2.820(6) A. Meanwhile, the O-H distance in hy-
droxyl decreases from 0.919(3) A to 0.875(8) A. There-
fore, the strength and stability of hydroxyl would
increase at elevated pressure. In contrast, Raman
shifts of hydroxyl band slightly decreases with in-
creasing temperature at ambient pressure according
to this work and the previous study [Fig. 2(c)].’”) The
marginally negative temperature dependence likely re-
sults from the diminished hydroxyl of brucite at high
temperature and ambient pressure. The temperature
dependence of the A14(I) mode changes between am-
bient and high pressure, suggesting a different mecha-
nism due to the enhanced stability of hydroxyl at high
pressure.

Table 1. Linear relationships of pressure and Raman shifts
of hydroxyl A1g(I) mode at different temperatures.

Temperature (K) Slope (cm™!/GPa) Intercept (cm™1)
294 —5.9 3647.8
324 -5.9 3648.2
374 —6.0 3648.2
424 —5.8 3648.1
474 -5.8 3648.9
524 —5.9 3650.1
574 —6.0 3651.6
624 -5.9 3652.1
674 —5.8 3652.4
724 —6.0 3655.3
774 —6.0 3657.5
824 —5.9 3657.4
874 —6.1 3660.4

2.6 GPa, 300K 774K 3.7GPa, 874K, 0.5h

3.7GPa, 874K, 1.5h 3.7GPa, 874K, 3h

1.8 GPa, 300K, 48h

Fig. 4. The changes of sample chamber during high
pressure and temperature reaction experiment. There are
brucite zone (BZ), reaction zone (RZ) and ice/fluid zone
(IZ/FZ) in the chamber. The ice zone melted into fluid at
high temperature and recovered at ambient temperature.

Interestingly, the presence of NaHCOj3 aqueous so-
lution can make the hydroxyl of brucite unstable at
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low pressure and high temperature. The starting ma-
terials of brucite powder and NaHCO3 aqueous solu-
tion were firstly compressed to 2.6 GPa at room tem-
perature. Liquid aqueous solution transformed into
ice phase upon compression.l””] Then the DAC was
heated to 874 K where the corresponding pressure in-
creased to 3.7 GPa due to thermal expansion. The
optical microscopic images of the sample chamber are
illustrated in Fig.4 upon compression and heating.
The sample chamber was divided into the three parts:
brucite zone (BZ), reaction zone (RZ), and ice/fluid
zone (IZ/FZ). The duration of the heating period
lasted for several hours, and Raman measurements
were taken on the three zones at simultaneous high
P-T conditions (Fig.5). Raman spectra were also col-
lected upon decompression at room temperature and
the quenched sample was recovered for further com-
position analysis.

There was no Raman signal of CO3~ or HCO3 ob-
served in the brucite zone at ambient conditions due
the brucite sample touching the both anvils (black
curve in Fig.5). When the DAC was heated to
874K, one Raman peak would appear at 1120cm™!
and could be assigned to CO§_ in the reaction zone
(red curve in Fig.5). When being quenched to room
temperature, the two Raman peaks emerged out at
1108 and 1075cm™! in the ice zone (blue curve in
Fig. 5), which could be assigned to CO;~ and HCOj .
This phenomenon may result from the separation of
NaHCOj3 from the frozen solution. We note that a

clear Raman peak at 1096cm™! evidenced the exis-
tence of MgCOg3 (green curve in Fig.5), which was
very close to the standard A;g(I) mode of MgCOs;
at 1094cm~! at ambient conditions.[”*) The scanned
electron microscope (SEM) was used to determine the
quenched reaction products (Table 2). Correspond-
ingly, the generation of MgCO3 was confirmed in sev-
eral spots in the reaction zone (Fig. 4).

A,, (carbonate)

- E, (carbonate)

Recoverd sample, ambiet conditons

A,, (hydrogen carbonate)

1g
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Fig. 5. The change of Raman spectra during high pres-
sure and temperature reaction experiment.

Table 2. Chemical analyses of the recovered sample by SEM.

Elements (at.%) Spot A Spot B Spot C
C 14.32 20.79
O 63.53 56.45 62.28
Na 4.23 13.31 2.93
Mg 16.91 8.24 33.87
Si 0.24 0.37
Cl 0.33
Fe 0.47 0.79
Zr 0.31 0.41
Pt 0.21
Total 100 100 100
Phases MgCOs, Mg(OH)2, NaHCO3, (NaaCOs3) MgCO3, NaHCO3 Mg(OH)2

The above description indicates the following re-
action occurring at 3.7 GPa and 674-874 K:

Mg(OH)Q + 2NaHCO3 — MgCOj3 + NayCO3 + 2H5 0.

The previous studies!'” ') reported the two reac-
tion stages for the dehydration of brucite under water-
saturated conditions at high P-T":

Mg(OH), — Mg?+ +20H™,
OH™ +H* — H,0.

The diffusion of HoO generated in the second stage
finally results in the brucite decomposition into peri-
clase at high P-T conditions.['”] However, in HCOj3 -
bearing fluids, the second stage is the reaction between

OH™ and HCOgj . It changes the reaction paths from
the dehydration of brucite to the formation of mag-
nesite MgCO3 at the expense of HCO; and CO3~
ions. The P-T conditions of this reaction are much
lower than that of the dehydration of brucite in the
transition zone.[’”) Due to the relative low solubil-
ity, magnesite can crystallize out of aqueous solution.
Moreover, magnesite was reported to keep stable un-
til the lowermost mantle P-T' conditions.[*"! By con-
trast, subduction fluids may take away most of the
calcium carbonate (CaCOg) from oceanic crusts. Pre-
vious studies proposed a three-stage carbonate re-
leasing model during oceanic crust subduction based
on petrologic evidence from the Dabie-Sulu orogenic
belt.[*!] The dehydration reaction between brucite and
hydrogen carbonate occurs at shallow arc depth (75—
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120km), in which Ca-rich carbonatitic fluids upward
to the mantle wedge. When HCOj; and Cog_ ions-
bearing subduction fluids mitigate upward into mantle
wedge, these ions could react with hydrous minerals
(e.g., brucite) to have MgCOg3 deposited in the re-
gion. Brucite that forms from the serpentinization
may not simply decompose into MgO and H,O, but
instead takes part into the formation of Mg-bearing
carbonate. That is, most of the dissolved carbonate
ions may be retained in the deep mantle through the
ion exchange of Mg?* and Ca?* between CaCOj3 and
Mg-bearing phase. To test this hypothesis, high P-T
reactions between carbonate and hydrous phase are
imperative to be investigated for further work.

In summary, we have observed the changes in Ra-
man spectra of hydroxyl in brucite under high P-T.
The negative pressure dependence of hydroxyl Ra-
man band comes from the disorder of H atoms and
the enhancement of intralayer hydrogen-bonding. The
negative temperature dependence at ambient pressure
is mainly attributed to the diminishing hydroxyl in
brucite. The temperature dependences at ambient
pressure and high pressure are different, likely asso-
ciated with the strengthening of hydroxyl bonds at
high pressure. On the other hand, brucite is an ac-
tive component at high P-T conditions of subduction
zones. It can react with HCOjZ -bearing fluids origi-
nating from the dehydration of carbonates atop the
subducted oceanic crusts. These results shed new in-
sights into the interaction between the deep water and
carbon cycles.

We appreciate three anonymous reviewers for their
constructive suggestions and comments, which are
helpful for improvement of the manuscript signifi-
cantly.
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