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Abstract

The stability of anhydrous phase B, Mg,,Sis0,,4, has been determined in the pressure range of 14-21 GPa and the temperature
range of 1100-1700 °C with both normal and reversal experiments using multi-anvil apparatus. Our results demonstrate that
anhydrous phase B is stable at pressure—temperature conditions corresponding to the shallow depth region of the mantle’s
transition zone and it decomposes into periclase and wadsleyite at greater depths. The decomposition boundary of anhydrous
phase B into wadsleyite and periclase has a positive phase transition slope and can be expressed by the following equation:
P(GPa)=7.5+6.6x 107T (°C). This result is consistent with a recent result on the decomposition boundary of anhydrous
phase B (Kojitani et al., Am Miner 102:2032-2044, 2017). However, our phase boundary deviates significantly from this
previous study at temperatures < 1400 °C. Subducting carbonates may be reduced at depths > 250 km, which could contribute
ferropericlase (Mg, Fe)O or magnesiowustite (Fe, Mg)O into the deep mantle. Incongruent melting of hydrous peridotite
may also produce MgO-rich compounds. Anh-B could form in these conditions due to reactions between Mg-rich oxides
and silicates. Anh-B might provide a new interpretation for the origin of diamonds containing ferropericlase—olivine inclu-
sions and chromitites which have been found to have ultrahigh-pressure characteristics. We propose that directly touching
ferropericlase—olivine inclusions found in natural diamonds might be the retrogressive products of anhydrous phase B
decomposing via the reaction (Mg,Fe),,Si50,, (Anh-B) = (Mg,Fe),Si0, (olivine) + (Mg,Fe)O (periclase). This decomposi-
tion may occur during the transportation of the host diamonds from their formation depths of <500 km in the upper part of
the mantle transition zone to the surface.
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Introduction

Anhydrous phase B (Anh-B), Mg, ,Si50,,, was first synthe-

sized by Herzberg and Gasparik (1989) in melting experi-
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Fig. 1 Crystal structure

of anhydrous phase B,

Mg, 4SiVISiflVOM. The crystal
structure of Anh-B has a

space group Pmcb, with lat-
tice parameters a =5.868(1), .
b=14.178(1), c=10.048(1) A,
V=835.9 A, and Z=2 (Finger
et al. 1989). Its crystal structure
can be conveniently described
as being composed of two types
of layers, one with edge-shared
Mg and Si octahedra having the
overall Mg,,Si,0,¢ stoichiom-
etry (O layer), and the other
with the Mg octahedra and Si
tetrahedra and the stoichiometry
of forsterite Mg;¢SigO5, (O-T
layer)

types of layers, one with edge-shared Mg and Si octahedra
having the overall Mg;,Si,04 stoichiometry, and the other
with Mg octahedra and Si tetrahedra with the stoichiometry
of forsterite Mg, ,SigOs,.

Melting experiments of both hydrous and anhydrous
pyrolite have shown the presence of Anh-B near the solidus
(Litasov et al. 2001; Litasov and Ohtani 2002). These exper-
iments indicate that there is an expansion of the stability of
Anh-B under wet conditions. It is noteworthy that below the
solidus, Anh-B has been shown to coexist with garnet in the
absence of ringwoodite or wadsleyite. Under certain P-T
conditions, ringwoodite and wadsleyite apparently trans-
form into Anh-B and garnet (Litasov et al. 2001; Litasov
and Ohtani 2002). Ganguly and Frost (2006) determined
the phase transition boundary of the reaction Mg,SiO, (for-
sterite) + MgO (periclase) =Mg;,Si50,, (Anh-B) in the
pressure range of 9-12.5 GPa, and the temperature range
900-1600 °C. The reaction was confirmed by first-princi-
ples calculations (Ottonello et al. 2010). Ganguly and Frost
(2006) also proposed that, under certain P-T conditions
in a subduction zone, forsterite Mg,SiO, may decompose
into Anh-B Mg,,Si50,, and stishovite SiO, or akimotoite
MgSiO; based on thermodynamic calculations.

Anh-B might be an important phase in the deep mantle
as MgO-rich compounds might be produced through incon-
gruent melting of both anhydrous and hydrous peridotite.
Studies of the MgO-SiO,—H,0 system indicate that melt-
ing of hydrous phases at high pressures and temperatures
could lead to the formation of liquids that are concentrated
in MgO (Inoue and Sawamoto 1992; Stalder et al. 2001;
Mibe et al. 2002; Melekhova et al. 2007). Experiments on
a serpentine starting material, for example, resulted in the
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generation of liquids with an MgO/SiO, weight ratio close
to 2 at 9 GPa (Stalder et al. 2001). An MgO/SiO, weight
ratio of typically 6-9 in liquid was obtained using a Mg-rich
starting composition with an MgO/SiO, weight ratio=3.8 at
pressures of 11-13.5 GPa and temperatures between 1000
and 1350 °C (Melekhova et al. 2007). Furthermore, the
breakdown of hydrous phase D MgSi,0,(OH), at 22-32
GPa, 1300-1450 °C produced a liquid with an MgO/SiO,
weight ratio of between 2 and 5 (Ghosh and Schmidt 2014).
Therefore, hydrous melting could play a crucial role in the
redistribution of silica between the melt and solid residue at
high-pressure and high-temperature conditions. In subduc-
tion zones within the deep mantle, dehydration melting of
subducted hydrous phases might result in the formation of
MgO-rich melts. Melts with MgO-rich signatures might also
be formed near the 410-km discontinuity, where dehydra-
tion melting might occur due to a sharp contrast of water
solubility across the discontinuity (Litasov and Ohtani 2002;
Bercovici and Karato 2003).

An additional scenario we propose here is that the reduc-
tion of subducted carbonates in the deep mantle might also
produce abundant MgO leading to the formation of Anh-B.
Silicates at high pressures can incorporate large amount of
ferric iron (McCammon 1997; Frost et al. 2004; Rohrbach
et al. 2007). Metallic iron could be saturated in the deep
mantle because of charge disproportionation where Fe**
(silicates) — Fe* (silicates)+ Fe® (metal). The experi-
mental evidences are in line with the discovery of metallic
iron phases included in natural diamonds presumably origi-
nated from the mantle transition zone or uppermost lower
mantle (Smith et al. 2016). Subducted carbonates might
become unstable if they are exposed to such a reducing
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environment where metals probably become stable. The
interaction between carbonates and (Fe,Ni)-metal via the
reaction MgCO; + 2(Fe,Ni)? = 3(Fe,Ni,Mg)O +C, as has
been experimentally demonstrated by Rohrbach and Schmidt
(2011), can potentially result in the formation of ferroperi-
clase (Mg,Fe)O in the surrounding mantle. An association
containing magnesiowustite (Fe,Mg)O was produced in
experiments performed to study the reduction of subducted
(Mg,Ca)CO; at the mantle—slab interaction zone (Palyanov
et al. 2013). The ferropericlase (Mg,Fe)O or magnesio-
wustite (Fe,Mg)O formed may then be partially consumed
by MgO-deficient components, such as pyroxene and garnet,
in the ambient peridotitic mantle. However, some amount
of Anh-B could still be formed if sufficient initial carbon-
ate were present. Within ultrabasic systems the interaction
between olivine (Mg,Fe),Si0,, and ferropericlase (Mg,Fe)
O or magnesiowustite (Fe,Mg)O produced by the reduction
of carbonates is even more plausible. The subduction of
magnesite-bearing dunite thus might be an optimal source
for the formation of Anh-B in the transition zone. In conclu-
sion, mainly two processes, i.e., dehydration melting and
the reduction of subducted carbonates, can locally render
an enrichment of MgO in the deep mantle.

As it is present on the peridotite liquidus (Herzberg and
Zhang 1996; Litasov et al. 2001; Litasov and Ohtani 2002),
Anh-B might have also crystallized and accumulated at
depths corresponding to the shallow part of the mantle tran-
sition zone, during cooling of a deep global magma ocean
in Earth’s early history. Thus, Anh-B might have been a pos-
sible constituent together with phases such as wadsleyite
and garnet in the shallow part of the mantle transition zone
in the Hadean, although such magma ocean cumulates may
have mixed back into the mantle by later stages of vigorous
mantle convection.

Although the Earth has a pyrolitic bulk composition,
considering that the distribution of mantle compositions is
likely spatially and temporally heterogeneous, Anh-B might
form in depths where there is an enrichment of MgO or
a depletion of SiO,. There is, however, some uncertainty
concerning the stability of Anh-B over a wider range of P-T
conditions. In this study, the phase stability of Anh-B was
constrained by high-pressure and high-temperature experi-
ments in the pressure range of 14-21 GPa and the tempera-
ture range of 1100-1700 °C using multi-anvil apparatus.

Experimental methods
Starting material
The starting composition was synthesized from a mixture of

MgO and SiO, with a stoichiometric composition necessary
to produce Anh-B, Mg;,Sis0,, (Finger et al. 1989). All the

oxides were dried in an ambient-pressure furnace at 1000 °C
for 12 h to remove the absorbed water before weighting and
mixing. The oxide mixture of MgO and SiO, were ground
in an agate mortar under ethanol for about 3 h. After that,
the homogeneous mixture of MgO and SiO, oxides was
annealed in an ambient-pressure furnace at 1400 °C for
24 h to synthesize an assemblage of forsterite and periclase.
An analysis of X-ray powder diffraction confirmed that the
product was composed of only two phases, forsterite and
periclase. The assemblage of forsterite and periclase was
crushed and ground under ethanol to make a homogeneous
mixture. Finally, the entire mixture was stored in an ambi-
ent-pressure oven at 130 °C before its use in high-pressure
and high-temperature experiments. The assemblage of for-
sterite and periclase was tightly packed into a metal capsule
for normal, i.e., synthesis or forward experiments.

For reversal runs, pre-synthesized Anh-B was used as
a starting material. Anh-B was synthesized at 1200 °C, 12
GPa for 12 h, using the forsterite and periclase starting com-
position employed in normal experiments. X-ray diffraction
and Raman spectroscopy analysis indicated that the run
product of the Anh-B-synthesis experiment was composed
of nearly single-phase Anh-B.

Multi-anvil apparatus

High-pressure and high-temperature experiments were
carried out using a Kawai-type multi-anvil apparatus
driven by a 3000-ton DIA-type guide-block—uniaxial press
system at Tohoku University (Ohtani et al. 1998). Hard-
ened tungsten carbide cubes (Fujiloy, TF05) with 3 mm
truncation edge length (TEL) and 26 mm edge length were
used as the second-stage anvils for experiments. ZrO, was
used as a pressure medium. Pyrophyllite gaskets were
placed between cubes to seal the extrusion of the pressure
medium. TiB,-doped BN furnaces were used for heating.
The samples, contained in Pt capsules of ~ 1.5 mm length
and ~ 0.8 mm diameter, were insulated from the furnaces
by MgO sleeves. A Wy;Re;—W,5Re,5 thermocouple was
inserted in the center via pre-drilled holes and electrically
insulated from the furnace by aluminum tubes. Details
of the similar cell assembly were given by Litasov and
Ohtani (2005). Pressure was calibrated against the reaction
of forsterite—wadsleyite (14.3 GPa, 1400 °C, Morishima
et al. 1994), wadsleyite-ringwoodite (18.6 GPa, 1200 °C,
Suzuki et al. 2000), and the breakdown of ringwoodite to
perovskite and periclase (23.3 GPa, 1400 °C, Fei et al.
2004). The pressure uncertainty was estimated at + 1
GPa (Litasov et al. 2001). Additional experiments were
made using a multi-anvil apparatus driven by a 1000-ton
Walker-type guide-block—uniaxial press system installed
at the China University of Geosciences. Tungsten carbide
cubes with 3 or 5 mm TEL and 26 mm edge length were
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used as the second-stage anvils for experiments. Details
of the assemblies were given by Zhang et al. (2013, 2016).
Pressure was calibrated based on the forsterite—wadsleyite
(14.6 GPa, 1400 °C, Katsura et al. 2004) and wadsley-
ite—ringwoodite (20 GPa, 1400 °C, Suzuki et al. 2000) and
the breakdown of ringwoodite to perovskite and periclase
(23.1 GPa, 1600 °C, Fei et al. 2004). We only employed
the experimental results from the multi-anvil apparatus
driven by the DIA-type guide-block—uniaxial press system
to constrain the phase transition boundary to avoid incor-
porating errors arising from using different multi-anvil
apparatus. For all experiments, pressures were applied
first to achieve the target ram loads, then temperature was
increased to the desired values. Samples were heated at
given pressures for 2-29 h depending on the experimental
temperatures. The experiments were quenched by directly
turning off the heating power to the furnaces at high pres-
sures, and samples were recovered after releasing pressure.

Analytical procedures

At the end of each experiment, the sample together with
the surrounding metal capsule was recovered from the
compressed pressure medium and mounted in epoxy resin.
Then the sample was carefully ground to expose a cross-
section through the center. The final surface of the sam-
ple was polished with diamond pastes (3, 1 and 0.25 pm).
Finally, the polished sample was coated with carbon for
further micro-analysis. A field-emission scanning electron
microscope (FE-SEM) (Quanta 2000-type) coupled with
a Link energy-dispersive spectroscopy detector or a JSM
5410LV-type of SEM coupled with an EDS detector was
used to study the microstructure and chemical composition
of the recovered samples.

Analysis with micro-Raman spectroscopy was per-
formed using a JASCO NRS-4100 Raman spectrometer
installed at Tohoku University with 532-nm excitation of
an argon ion laser, Czerny—Turner mount single mono-
chromator and air-cooled Peltier CCD detector. The laser
power at the sample surface was set approximately at
6 mW to avoid overheating the sample and to decrease
the effect of fluorescence. The laser beam diameter was
about 1 pm. Raman data were collected through repeated
exposures of 60 s, one or two accumulations for each
measurement. The corresponding spectral resolution was
0.25 cm~'. Raman spectra were collected in the low-fre-
quency range between 100 and 1200 cm™! for phase iden-
tification and in the high-frequency range between 2800
and 3600 cm™! to detect for the possible incorporation
of hydrogen into the mineral crystal structures. For the
collection of Raman spectra for Anh-B, relatively large
crystals (~ 100 pm) of Anh-B with well-polished surfaces
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were exposed to the laser beam in order to ensure the qual-
ity of the spectra.

Results and discussion
Raman spectra of anhydrous phase B

Representative Raman spectra measured for Anh-B from our
experiments are shown in Fig. 2. Anh-B has 86 atoms in
its unit cell so that there are 255 [(3 X 86) — 3] vibrational
modes. The irreducible representation of the vibrational
mode symmetry for the space group Pmcb is as follows:

I' = 35A, + 25B,, + 25B,, + 35B;, + 28A, + 41B,,
+ 41B,, + 28B;,.

Of these the Raman-active modes are
35A,+25B,+25B,,+35B;,. Thus, a total of 120 vibra-
tional peaks are expected in the Raman spectrum of Anh-B.
The Raman shifts were determined within an uncertainty of
0.5 cm™!. The number of observed Raman modes is much
smaller than that predicted because of the low intensity of

(@) 5

(b) 1000 800 600 400 200

Relative intensity

3600 3400 3200

Raman shift (cm™)

3000 2800

Fig.2 Typical Raman spectra of anhydrous phase B in the low-
frequency range between 100 and 1200 cm™' (a), and the high-fre-
quency range between 2800 and 3600 cm™! (b) which does not show
any distinctive peak related to OH stretching vibrations. Two sets of
short lines below the spectrum in a denote the peak frequencies, with
the red lines representing the experimental observation, the black
lines the ab initio calculation result from Ottonello et al. (2010)
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some external vibrational modes. The observed peaks are
distributed in the frequency range of 172-1023 cm™', with
the strongest one typically located at 873 cm™!. Several
other peaks with strong intensity can be found at the loca-
tions of 684, 821, 873, 895, and 908 cm'l(Fig. 2a). The
peak positions observed in this study are comparable with
those reported in Ohtani et al. (2001). Vibrational frequen-
cies for Anh-B were calculated by Ottonello et al. (2010)
based on ab initio calculations. The measured spectrum is
in general agreement with that of the theoretical calculation,
although a significant number of the calculated vibrational
peaks predicted at lower frequencies cannot be distinguished
within the measured spectrum. No distinct peak appears to
be related to OH stretching vibrations in the high-frequency
range between 2800 and 3600 cm™! for the Anh-B in our
experiments (Fig. 2b), whereas in the case of hydrous phase
B, distinctive peaks were observed in the high-frequency
region (Finger et al. 1989).

Determination of phase transition boundary

Experiments were conducted in the pressure range of 14-21
GPa, and the temperature range 1100-1700 °C using the
DIA-type and Kawai-type multi-anvil apparatus. Chemical
compositions of phases were determined by SEM coupled
with EDS. Raman spectroscopy was used to distinguish a-,
f-, and y-Mg,SiO, and to identify Anh-B in our run prod-
ucts. Electron microprobe analysis of Anh-B (run products
at 17 GPa, 1500 °C) yielded a Mg/Si ratio of 2.82 +0.02 for
the average of 20 spot analyses, which was the same value
as that reported by Finger et al. (1989) for Anh-B. Analyses
of the chemical composition of Anh-B with SEM-EDS also
yielded a Mg/Si ratio of 2.8.

The experimental conditions and observed run products
are summarized in Table 1. Typical back-scattered elec-
tron images of the run products are presented in Fig. 3. At
a temperature of 1500 °C, Anh-B was found to be stable
below 17 GPa (Fig. 3a). However, Anh-B was not found
at higher pressures, i.e., > 18 GPa (Fig. 3b). SEM images
show quite clearly that periclase and wadsleyite coexist in
the absence of Anh-B at 1500 °C and 18 GPa. Thus, the

Table 1 Experimental

" Exp. no. Starting Pressure (GPa) Temperature ~ Duration (h) Results
conditions and results material® °C)

R585 1 17 1500 5 Anh-B (Wd, Pc)
R591 1 15 1300 10 Anh-B (Wd, Pc)
R59%4 1 21 1450 8 Rw, Pc
R602 1 19 1500 3 Wd, Pc
R603 1 18 1500 3 Wd, Pc
R620 1 19 1100 12 Rw, Pc
R625 1 18 1100 4 Rw, Pc
R626 1 16 1700 2 Anh-B (Wd, Pc)
T2273 1 19 1300 2 Wd, Pc
T2277 1 18 1300 2 Wd, Pc
T2278 1 17 1300 2 Wd, Pc
T2279 1 17 1500 2 Anh-B (Wd, Pc)
T2281 1 17.5 1500 2 Anh-B (Wd, Pc)
T2284 1 18 1500 2 Wd, Pc
T2287 1 17 1300 8 Wd, Pc
T2288 1 16 1300 4 Anh-B (Wd, Pc)
T2290 1 16.5 1300 8 Wd, Pc
T2293 1 15 1100 9 Wd, Pc
T2297 1 14 1100 5 Anh-B (Wd, Pc)
T2302 1 14.5 1100 13 Anh-B (Wd, Pc)
T2307 2 16.7 1400 8 Anh-B, Wd, Pc
T2312 2 15.7 1200 29 Wd, Pc
T2313 1 18 1600 2 Anh-B, Wd, Pc

Wd wadsleyite, Rw ringwoodite, Anh-B anhydrous phase B, Pc periclase

Starting materials are 1, Fo+Pc and 2, Anh-B+Fo+Pc. Unstable phases present in each run are listed
in the parenthesis. Experiments labeled T and R were conducted on a 3000-ton DIA-type and a 1000-ton
‘Walker-type multi-anvil apparatus, respectively
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Fig.3 Back-scattered electron
images from a scanning electron
microscope: a run products
from 17 GPa, 1500 °C, where
wadsleyite and periclase have
reacted to form Anh-B although
some reactants remain due to
sluggish reaction rates; b run
products from 18 GPa, 1500 °C, Pc
where wadsleyite and periclase e
coexist beyond the stability field
of Anh-B; ¢, d run products
from 16.7 GPa, 1400 °C, show-
ing the results of a reversal
experiment where pre-synthe-
sized Anh-B has been packed at

17 GPa 1500°C

side) of the capsule and has
remained stable (c), whereas |4
d shows an enlargement of the
bottom end (i.e., low-tempera-
ture side) of the same capsule

where Anh-B has decomposed
into wadsleyite and periclase

the top (i.e., high-temperature | nw 16. 7’7@1;3 a1 400\Q¢’. f'g,“

4%

phase transition boundary of Anh-B=Wd+ Pc was brack-
eted between 17 and 18 GPa at 1500 °C. An additional run
was then conducted at 17.5 GPa to more tightly bracket the
pressure of the phase transition to within 0.5 GPa. Due to the
slow reaction kinetics of solid—solid phase transitions under
dry conditions, complete equilibrium was not achieved dur-
ing the formation of Anh-B, as unreacted starting materials
remained in the run products. At the highest temperature
investigated, 1700 °C, it was possible to acquire a nearly sin-
gle-phase assemblage of Anh-B with a heating duration of
~ 2 h. Longer heating durations were routinely employed at
lower temperatures, for instance, at a temperature of 1200 °C
heating durations were up to 29 h, in order to counteract the
effect of sluggish reaction rates. The experimental results
are summarized in Fig. 4 as a phase diagram. The phase
transition boundary is constrained by both normal and rever-
sal experiments. Based on our experiments, we bracketed
the phase transition boundary between 14.5 and 15 GPa at
1100 °C, 16 and 16.5 GPa at 1300 °C, and 17.5 and 18 GPa
at 1500 °C, respectively. Therefore, the Clapeyron slope
of the phase transition boundary can be calculated to be
~6.6 MPa/°C using the “best fit” curve to the experimental
data.

We conducted two reversal experiments to verify the
equilibrium phase relations obtained from forward experi-
ments. For the reversal experiments, we selected three large
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pieces of pre-synthesized Anh-B aggregates and packed
them at the bottom, middle, and top of a capsule. The inter-
stitial spaces among the three large Anh-B aggregates were
filled by packing the powder of forsterite and periclase used
in the normal experiments. After the experiments were
performed, the recovered samples were examined to see
whether or not the Anh-B had transformed into Wd + Pc.
For the experiment at 1400 °C and 16.7 GPa, run for 8 h
(T2307), pre-synthesized Anh-B was found to be stable
within the upper region of the capsule (Fig. 3c), where the
temperature was expected to be higher than at the other end
of the capsule as the top of the capsule was closer to the
center of furnace. At the lower part of the capsule, we found
that the pre-synthesized Anh-B aggregate decomposed into
wadsleyite and periclase, and no Anh-B was detected in
the area where the original forsterite and periclase mixture
had been packed. The decomposition texture of Anh-B can
be readily distinguished from that of unreacted Wd and Pc
(Fig. 3d). Anh-B decomposition texture was characterized
by the small round appearance of periclase homogeneously
distributed among larger grains of wadsleyite. Unreacted
Wd and Pc crystals, on the other hand, generally have more
equal grain sizes and are of polygonal shape. The tempera-
ture at the top of the capsule, which was that measured by
the thermocouple of 1400 °C, was within the stability field
of Anh-B; whereas the temperature at the bottom of the
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Fig.4 P-T diagram showing the experimentally determined stabil-
ity of anhydrous phase B. The solid symbols represent experiments
where Anh-B is stable; the open symbols represent experiments
where Anh-B is unstable. The red and blue colors indicate forward
experiments and reversal experiments, respectively. The circle and
diamond symbols indicate experiments conducted in this study
with a DIA-type and a Walker-type multi-anvil apparatus, respec-
tively. The thick red curve shows the decomposition boundary of
Anh-B=Wd+Pc determined from this study. The small triangles and
dash curves are taken from Kojitani et al. (2017). The squares and
solid black curve are taken from Ganguly and Frost (2006). The small
black dot denotes the first synthesis of Anh-B in the experiments
by Kato and Kumazawa (1985). The small grey dot and the hatched
areas are conditions where Anh-B has been identified in melting
experiments performed using peridotitic systems (Herzberg and Gas-
parik 1989; Herzberg and Zhang 1996; Litasov and Ohtani 2002).
Also shown for comparison is a mantle adiabat (Katsura et al. 2010)
depicted by the yellow thick curve

capsule, which is expected to be lower than 1400 °C due
to the temperature gradient, was within the stability field
of wadsleyite and periclase. We expect the temperature dif-
ferences between the top and bottom of the capsule to be
<50 °C based on previous experiments where a similar cell
assembly was employed (Litasov and Ohtani 2002). Thus,
the experiment at 1400 °C and 16.7 GPa, encompassed con-
ditions that spanned the Anh-B =Wd+ Pc equilibrium. A
second reversal experiment was conducted at 1200 °C and
15.7 GPa for 29 h. Anh-B was found to be unstable, and it
decomposed into wadsleyite and periclase both within the
top and bottom regions of the capsule (Fig. S1). The results
from the reversal experiment are consistent with that of the
normal experiments. Based on the results of both normal and
reversal experiments, it can be confirmed that the decom-
position reaction of Anh-B=Wd+ Pc possesses a positive
slope, and the phase boundary can be expressed by the fol-
lowing equation: P(GPa)=7.5+6.6 X 10737 (°C).

The decomposition pressures for the equilibrium
Anh-B =Wd + Pc were determined recently to be located at
~19 GPa at 1600 °C, and ~ 18.5 GPa at 1400 °C by Kojitani
et al. (2017), which is 1-2 GPa higher than the results in this
study. Our experimental data deviate significantly from the
model of Kojitani et al. (2017) by ~3 GPa below 1400 °C.
The equilibrium reaction of Fo+Pc= Anh-B determined by
Kojitani et al. (2017) is also placed at slightly higher pres-
sure by 0.5-1.5 GPa than that determined by Ganguly and
Frost (2006). These discrepancies might be induced by dif-
ferent pressure calibration methods, and perhaps pressure
dropping during heating that typically occurs in multi-anvil
experiments. A precise determination of the phase transi-
tion boundary might also be hampered by the slow reaction
kinetics at low temperatures particularly under dry condi-
tions. Between 1100-1300 °C, we did not find Anh-B at
pressures higher than 15-16 GPa with experimental heat-
ing durations of 8-9 h. On the other hand, the growth of
Anh-B from forsterite and periclase was observed at lower
temperatures within shorter heating durations (Ganguly and
Frost 2006). The absence of Anh-B in our low temperature
experiments therefore cannot be ascribed to slow reaction
kinetics. The decomposition of Anh-B at 15.7 GPa, 1200 °C
in one of the reversal experiments further suggests that
the equilibrium Anh-B =Wd + Pc should preserve a large
decomposition slope.

The stability of Anh-B and effects of minor elements

The stability of Anh-B is constrained by the equilibrium
Fo +Pc=Anh-B as the lower boundary, and the equilibrium
Anh-B =Wd + Pc as the upper boundary. Anh-B has been
shown to be stable near the solidus of peridotitic composi-
tions in previous experiments (Kato and Kumazawa 1985;
Herzberg and Gasparik 1989; Herzberg and Zhang 1996;
Litasov and Ohtani 2002; Liebske and Frost 2012). The sta-
bility of Anh-B from previous melting experiments is con-
sistent with the stability field provided in this study. Along a
typical mantle geotherm (Katsura et al. 2010), Anh-B will be
stable up to a depth of approximately 500 km, corresponding
to the shallow part of the mantle transition zone.

Anh-B has been mainly synthesized in MgO-rich com-
positions, or as a result of incongruent melting of Mg,SiO,,.
At conditions of 2280 °C and 20 GPa, Anh-B was found
to coexist with melt in melting experiments on Mg,SiO,
(Kato and Kumazawa 1985). At conditions of 2350 °C and
16.5 GPa, Anh-B was also found to be stable in melting
experiments performed using a chondritic starting mate-
rial (Herzberg and Gasparik 1989). The stability of Anh-B
might also be affected by other elements, such as Fe, Al,
and Cr. A remarkable feature of Fe-bearing Anh-B is that
Fe has been found to partition strongly into the M3 site,
i.e., the octahedral site sharing two edges with Si octahedra
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(Hazen et al. 1992). The substitution of the larger Fe for Mg
in the M3 site decreases the lattice strain, and thus has the
potential to stabilize the crystal structure of Anh-B. Melt-
ing experiments on anhydrous peridotite KLB-1 suggested
that Anh-B was restricted to conditions near the liquidus
at 2100-2200 °C, 15-17 GPa (Herzberg and Zhang 1996).
Ohtani et al. (1998) observed Anh-B in experiments per-
formed to study the melting of Fe-bearing olivine, with a
FeO content of 10 wt%. However, in melting experiments in
a more Fe-rich peridotitic system, Anh-B was not detected
over the entire pressure and temperature range (Ohtani et al.
1995). This appears to contrast with the proposal of Hazen
et al. (1992) based on the study of crystal chemistry of Fe-
bearing Anh-B, that the substitution of Fe for Mg should
significantly extend the stability of Anh-B. The partitioning
coefficients between Anh-B and silicate melt for a number
of minor components such as Cr,0;, Al,03;, MnO and NiO
are quite large (Herzberg and Zhang 1996). A recent study
indicated that up to 5.37 wt% Cr,O; can be incorporated into
the crystal structure of Ann-B through the 2Cr** = Mg?* +
Si** coupled substitution (Bindi et al. 2016). It seems that
the distinctive M3 octahedron plays a crucial role in facili-
tating the incorporation of minor elements into the crystal
structure of Anh-B. The presence of cations with large ionic
radii, on the other hand, might help to stabilize the structure
of Anh-B.

Implications for natural high-pressure chromitites
and diamond inclusions

Abundant novel high-pressure minerals have been dis-
covered in ophiolitic chromitites (Yang et al. 2007). The
natural chromitite, previously thought to be a product of
melt-peridotite reaction at very low pressure, was proposed
to have a history of mantle transition zone metamorphism
in order to explain the characteristics of the high-pressure
phases found (Griffin et al. 2016). The natural high-P chro-
mitite is mainly composed of chromite (MgCr,0,) and oli-
vine (Mg,Si0,). It is thus highly depleted in SiO,. MgCr,0,
decomposes into MgO and Cr,05 between 12 and 15 GPa,
<1100 °C (Ishii et al. 2015). Therefore, olivine and chro-
mite might be replaced by a paragenesis containing Anh-B
at P-T conditions corresponding to the stability field of Anh-
B. Cr-bearing Anh-B was indeed observed in the system
MgCr,0,~Mg,SiO, at 12 GPa and 1600 °C (Bindi et al.
2016). Chemical analysis showed that there is a gradual
chemical composition change at the interface between chro-
mite and olivine in the high-P chromitite (Xiong et al. 2015),
which might be a result of the reaction between Mg,SiO,
and MgCr,0,. However, we are unaware of any report of
either Anh-B or the retrogression products of Anh-B in natu-
ral high-P chromite occurrences. If either Anh-B or its retro-
gression products were to be found at the interface between
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olivine and chromite, this might shed light on the origin of
natural high-P chromitites based on the experimental results
from this study.

Stachel et al. (2000) reported an association of ferroperi-
clase—olivine included in natural diamonds from the Kan-
kan distinct, Guinea. A similar paragenesis has also been
reported in diamonds from Juina area, Brazil (Hayman et al.
2005, as shown in Fig. 6d in their report). The olivine—peri-
clase touching inclusions show varied chemical composition
and might be derived from the stability field of olivine or
the 660-km seismic discontinuity, where both ringwoodite
and periclase are stable phases (Stachel et al. 2000). Inter-
estingly, Stachel et al. (2000) concluded that crystallization
of ferropericlase together with olivine possibly occurred
from a magnesite-bearing dunitic source. This proposal is
consistent with the recent growing body of experimental
results showing that MgO can be produced from the inter-
action between subducted carbonates and metal-saturated
mantle at high pressures and high temperatures as discussed
in the previous section (Rohrbach and Schmidt 2011; Paly-
anov et al. 2013; Martirosyan et al. 2016). Here we put for-
ward one further proposal that the ferropericlase—olivine
pairs in natural diamonds might be retrogression products
of Anh-B via the decomposition reaction Anh-B =Fo+Pc
during the transportation of diamond from the deep man-
tle to the surface. Our experimental results put a constraint
on the origin of the diamond at a depth less than 500 km,
corresponding to the shallow part of the mantle transition
zone. Diamonds and Anh-B might crystallize almost at the
same time and location through the successive reactions (1)
MgCO; + 2(Fe,Ni)° = 3(Fe,Ni,Mg)O + C (diamond) and (2)
(Fe,Ni,Mg)O +Mg,Si0, = (Fe,Ni,Mg),,Si50,, (Anh-B).
Based on this scenario, it is plausible that the crystallized
Anh-B grains might be occasionally entrapped by diamonds
which are produced in the same reaction. During mantle
upwelling, Anh-B included in diamonds can disassociate
into a paragenesis of olivine and periclase. To confirm this
assumption, further work on phase relations in magnesite-
bearing peridotitic systems or magnesite + olivine assem-
blages under reducing conditions are necessary.
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