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(Mg,Fe)SiO5 bridgmanite is the dominant phase in the lower mantle; however no naturally occurring samples
had ever been found in terrestrial samples as it undergoes retrograde transformation to a pyroxene-type struc-
ture. To identify retrograde phases of former bridgmanite single-phase and composite inclusions of (Mg,Fe)
SiO5 in a series of superdeep diamonds have been examined with electron microscopy, electron microprobe,
Raman spectroscopy and X-ray diffraction techniques. Our study revealed that (Mg,Fe)SiOs inclusions are repre-
sented by orthopyroxene. Orthopyroxenes in single-phase and composite inclusions inherit initial chemical com-
position of bridgmanites, including a high Al and low Ni contents. In composite inclusions they coexist with
jeffbenite (ex-TAPP) and olivine. The bulk compositions of these composite inclusions are rich in Al, Ti, and Fe,

Jeffbenite which are similar but not fully resembling Al-rich bridgmanite produced in experiments on the MORB composi-
tion. The retrograde origin of composite inclusions due to decomposition of Al-rich bridgmanite may be doubtful
because each of observed minerals may represent coexisting HP phases, i.e. bridgmanite or ringwoodite.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction associations formed at the depth of sublithospheric upper mantle and

Bridgmanite (Mg,Fe)SiO3, a high pressure mineral with a perovskite
structure (MgSi-perovskite), is a dominant material in the lower mantle
at the depths from 660 to 2700 km and therefore is probably the most
abundant mineral in the Earth (Irifune, 1994; Ringwood, 1962;
Stixrude and Lithgow-Bertelloni, 2007). The minimum pressure of sta-
bility of bridgmanite is ~20 GPa (Hirose et al., 2001) and it increases to
25 GPa with the incorporation of alumina (Kubo and Akaogi, 2000). Al-
though synthetic analogues of this mineral have been well studied (e.g.
O'Neill and Jeanloz, 1990; Kesson et al., 1994; Hirose et al., 1999; Ono
et al., 2001; Hirose and Fei, 2002; Litasov and Ohtani, 2004; Litasov
and Ohtani, 2005; Kojitani et al., 2007; Shatskiy et al., 2007; Ricolleau
et al., 2010; Inoue et al., 2010), no naturally occurring samples have
ever been found in a rock on the planet's surface except from some
shocked meteorites (Tomioka and Fujino, 1997; Tschauner et al.,
2014). In other available natural environments bridgmanite undergoes
retrograde transformation to a pyroxene-type structure. So-called
superdeep diamonds carry mineral inclusions which belong to
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lower mantle (Harte and Hudson, 2013; Kaminsky, 2017). The identifi-
cation of the retrograde phase as bridgmanite in superdeep diamonds is
based on the association with ferropericlase (Mg,Fe)O and other lower-
mantle minerals predicted from theoretical models and HP-HT
experiments.

The inclusions of (Mg,Fe)SiOs associated with ferropericlase have
first been found in diamonds from the Koffifontein kimberlite pipe
(South Africa) and Orroroo dyke (South Australia) (Moore et al., 1986;
Scott Smith et al., 1984). At present (Mg,Fe)SiOs inclusions suggested
as bridgmanite (MgSi-perovskite) are described in super-deep dia-
monds from several worldwide localities: placer deposits and kimber-
lite pipes in the Juina and Machado areas in Brazil (Wilding et al.,
1991; Harte et al., 1999; Kaminsky et al., 2001, 2009; Hayman et al.,
2005; Bulanova et al., 2010; Thomson et al., 2014; Zedgenizov et al.,
2014, 2015), Kankan placer deposit in Guinea (Stachel et al., 2000),
kimberlitic pipes in the Northwest Territories of Canada (Davies et al.,
2004; Tappert et al., 2005), kimberlites and ancient placer deposits
from the Orroroo area in South Australia (Tappert et al., 2009). In this
study, single-phase and composite inclusions of (Mg,Fe)SiO; have
been analyzed in a series of superdeep diamonds from Sao-Luis river de-
posits (Juina, Brazil) to identify retrograde phase of former bridgmanite.
The definition of nature of single-phase and composite inclusions is


http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2020.105659&domain=pdf
https://doi.org/10.1016/j.lithos.2020.105659
mailto:zed@igm.nsc.ru
https://doi.org/10.1016/j.lithos.2020.105659
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/lithos

2 D. Zedgenizov et al. / Lithos 370-371 (2020) 105659

becoming more apparent from analysis of data from electron micros-
copy, electron microprobe, Raman spectroscopy and X-ray diffraction
techniques. These data are used to specify chemical and structural
features of retrograde phase of bridgmanite and associated minerals.

2. Samples and methods

The majority of diamonds from S3o-Luis collection are shown to
contain inclusions which belong to minerals formed at the depth of
transition zone and lower mantle (Zedgenizov et al., 2014). The pres-
ence of inclusions of (Mg,Fe)SiO3; have been detected in samples SL-
13, SL-14 and SL-80 (Fig. 1). These inclusions are associated with indi-
vidual inclusions of breyite (walstromite-structured CaSiOs; Brenker
et al,, 2018) in diamond SL-13, ferropericlase in diamond SL-14,
majoritic garnet and breyite in diamond SL-80. The morphology of
these diamonds was twinned octahedral crystals (SL-13 - Fig. 1a),
rounded crystal of irregular shape (SL-14 - Fig. 1d), and rounded crystal
of octahedral-to-dodecahedral transition form (SL-80 - Fig. 1g). Each di-
amond was polished to expose inclusions on the same plane.

Raman spectra of mineral inclusions were collected using a Horiba
Jobin Yvon LabRAM HR800 Raman micro-spectrometer equipped with
a 532 nm Nd:YAG laser and an Olympus BX41 microscope with 50x
magnification at V.S. Sobolev Institute of Geology and Mineralogy
(Novosibirsk, Russia). Crystallographic identification of phases was per-
formed with Oxford Aztec EBSD on a JEOL JSM-7001F FE-SEM at Tohoku

University (Sendai, Japan). Electron back-scattered diffraction (EBSD)
maps were obtained out on samples tilted to 70° with accelerating volt-
ages of 15 kV, work distances of 25 mm and step sizes of 0.3 um. The ob-
tained crystallographic data were processed with Channel 5 analysis
software from HKL technology. Noise reduction included the removal
of wild spikes, extrapolation of zero solutions by iteration to 6 neigh-
bours and application of Kuwahara filter with the grid size of 3 x 3,
smoothing angle of 2° and artefact angle of 1°.

The X-ray diffraction (XRD) patterns of inclusions were obtained
using a microfocused X-ray generator (MicroMax-007; Rigaku, Japan)
with a Mo rotating target (lambda = 0.7107 A, 50 kV, 24 mA) and con-
focal mirror optics (Varimax-Mo; Rigaku). The incident X-ray was colli-
mated by a single pinhole collimator with a hole diameter of phi
0.05 mm. The sample for X-ray diffraction was mounted on a glass
fiber with glue, and the position of the sample was aligned using a goni-
ometer under a microscope to the rotation center of the goniometer and
the X-ray beam was pre-aligned to the rotation center. Diffraction im-
ages of the samples with totally 180 images with 1 deg. oscillation per
image were collected. The obtained images were analyzed by a software
CrystalClear (Rigaku) to identify respective diffraction spots, and con-
verted them to reciprocal lattices.

Major element compositions of minerals were analyzed by a FE-
SEM, JEOL JSM-7001F, equipped with an EDS, Oxford INCA X-act energy
dispersive X-ray spectrometer at Tohoku University (Sendai, Japan).
The quantitative analyses were conducted using a 15 kV acceleration
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Fig. 1. Diamonds with inclusions of MgSiO; (a - SL-13; d - SL-14; g - SL-80; reflected light) and their polished plates (b - SL-13; e - SL-14; h - SL-80; transmitted light). ¢, fand i are details

displaying the MgSiOs inclusions.
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voltage, a 1.4 nA beam current, and a 75 s integration time. We have also
estimated the bulk composition of combined (composite) inclusions by
averaging relatively large areal quantitative analyses.

3. Results

The inclusions of (Mg,Fe)SiOs in studied diamonds are 20 to
50 um in size. They show the textures from flat-faced, sharp octahe-
dral to more ragged-looking irregular shapes. All inclusions have
large decompression cracks around them and possess small
droplet-like satellite inclusions localized along these cracks (Fig. 2
3, ¢, ). Raman observation has revealed that inclusions of (Mg,Fe)

SiOs in all studied samples is represented by rhombic pyroxene
(orthopyroxene - Opx). The most prominent vibrational modes in
each Raman spectrum are marked of Fig. 2 b, d, f. The two main
modes at 236-237 cm ™! and at 340-344 cm ™! are characterized by
metal-oxygen stretching vibrations. The modes at 661-663 cm ™!
and at 683-684 cm ™! are related to Si-O-Si bending, and the ones
at 1008-1011 cm ™! are generally assigned to Si—O stretching vibra-
tions. These peaks are consistent with the orthopyroxene end-
member enstatite with a minor amount of ferrosilite (Huang et al.,
2000). No shift of peak at 236-237 cm™! and the appearance of
lines at 369 and 431 cm™! indicating clinoenstatite (Ulmer and
Stalder, 2001) were observed in each spectrum.
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Fig. 2. Single-phase and composite inclusions of MgSiO3 and Raman spectra of each detected phase (a, b - SL-14; ¢, d - SL-13; e, f - SL-80). 1 - orthopyroxene; 2 - jeffbenite; 3 - olivine.
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Fig. 3. {100} pole figures of the EBSD orientations of MgSiOs inclusions in diamonds SL-13 (a) and SL-80 (b).

Although the inclusion of (Mg,Fe)SiO3 in diamond SL-14 is single
phase, the inclusions of (Mg,Fe)SiO3 are combined with jeffbenite in di-
amond SL-13 and with jeffbenite and olivine in diamond SL-80.
Jeffbenite in diamond SL-13 have main Raman peaks centered at 860,
920 and 642 cm™! (Fig. 2 d). Raman spectrum of jeffbenite in diamond
SL-80 show main peaks at 864, 924 and 636 cm ™! and lower intensity
peaks at 320 and 498 cm ! (Fig. 2 f). The configuration of these spectra
and positions of main peaks are similar to that described previously in a
jeffbenite inclusion extracted from a super-deep diamond (Nestola
et al,, 2016). The spectra of jeffbenite do not show the intense peaks at
360-365 and 550-560 cm ™! caused by rotational vibrations of SiO, tet-
rahedron (R[SiO4]) and internal Si—O bending vibrations (v,) observed
in all pyrope garnet inclusions in diamonds (Kalugina and Zedgenizov,
2019).

Olivine in combined inclusion in diamond SL-80 show coupled
strong peaks at 822 and 853 cm™! which can be attributed to internal
stretching vibrational modes v; and v3 of the SiO, tetrahedron
(Kuebler et al., 2006). The positions of these peaks correspond to olivine
with 85-90% of forsterite component (Fo) assuming released pressure
effect. This estimate however may be even lower as each peak position
may be upshifted by residual internal pressure of olivines in diamond
inclusions (Izraeli et al., 1999; Yasuzuka et al., 2009).

XRD patterns of inclusions with (Mg,Fe)SiOs have been analyzed in
all three samples. The diffraction spots obtained from the inclusions
were indexed to single phase orthopyroxene in diamond SL-14, two
phases, orthopyroxene and jeffbenite, in diamond SL-13 and three
phases, orthopyroxene, jeffbenite and olivine, in diamond SL-80. It is

noted that orthopyroxene show several orientations suggesting that it
consists of subgrains.

Similarly, EBSD mapping of studied exposed inclusion has revealed
the presence of orthopyroxene in diamond SL-14, orthopyroxene and
jeffbenite in diamond SL-13 and orthopyroxene, jeffbenite and olivine
in diamond SL-80. No one of detected phase have orientational correla-
tion with the host diamond implying that there is no epitaxial growth
(Nestola et al., 2017). Crystallographic orientations of orthopyroxene
inclusions, determined using EBSD, revealed that they have not a homo-
geneous orientation and record small angular deviations (Fig. 3). At
least three slightly misorientated orthopyroxene grains are detected in
diamond SL-80 and two orthopyroxene grains in diamonds SL-13. At
that, BSE images of composite inclusions show linear crystallographic
boundaries between different mineral phases (Fig. 4).

The compositions of mineral inclusions in studied diamonds are pre-
sented in Table 1. All found orthopyroxenes have a variable content of
FeO from 5.02 to 10.5 wt% and high concentration of Al,O5 from 1.34
to 3.22 wt%. The lowest amount of these components is detected in
the single-phase orthopyroxene inclusion in diamond SL-14. This dia-
mond also contain inclusion of ferropericlase with Mg# 67.4 and high
content of NiO (1.15 wt%) and Cr,03 (0.28 wt%). The higher amount of
Al,O5 in orthopyroxenes is detected in diamond SL-80: 3.22 wt% in
single-phase orthopyroxene and 2.98 wt% in orthopyroxene in compos-
ite inclusion with jeffbenite and olivine (Fig. 4 a). Jeffbenite is signifi-
cantly enriched with Al,03 (21.8 wt%) and TiO, (1.41 wt%). Olivine in
composite inclusion has high FeO (17.9 wt%) and a low NiO content
(0.16 wt%). Two other exposed inclusions in this diamond are

MeKal 2

Fig. 4. A back-scattered electron image and elemental distribution maps of polished composite inclusions in diamonds SL-13 (a) and SL-80 (b).
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Table 1
The composition of MgSiO5 and associated inclusions in studied diamonds (in wt%).
SL-14 SL-13 SL-80
1 2 1 2 1 2 3 4
Opx fPer Opx Jbn Bulk CaSiOs Opx Jbn 0l Bulk MgSiO3 CaSiO; Maj
Si0, 57.7 0.06 56.5 39.9 514 473 55.1 41.9 394 50.9 54.9 504 42.1
TiO, 0.09 0.03 0.19 5.37 1.82 6.54 0.09 141 0.02 0.39 0.18 3.56 0.77
Al,05 1.34 0.08 2.03 18.8 7.10 0.32 293 21.8 0.14 7.79 3.22 0.50 204
Cr,05 0.46 0.28 0.08 131 0.53 0.03 0.04 0.25 0.02 0.09 0.05 0.00 0.12
FeO 5.02 27.5 8.10 9.00 8.34 0.09 10.5 10.1 17.9 10.8 104 0.16 9.56
MnO 0.18 0.19 0.17 0.16 0.26 bdl 0.17 0.12 0.08 0.14 0.17 0.01 0.18
MgO 339 69.8 328 254 303 bdl 30.8 244 424 29.6 30.6 0.0 125
Ca0 1.23 bdl 0.09 0.07 0.03 45.1 0.09 0.05 bdl 0.12 0.06 44.5 14.0
Na,0 0.08 0.05 0.09 0.05 0.10 0.02 0.06 0.02 0.05 0.05 0.04 0.10 0.39
K,0 0.03 bdl 0.04 0.01 0.01 0.01 0.01 0.03 0.01 bdl 0.07 0.02 bdl
NiO 0.10 1.15 0.02 0.03 0.06 bdl 0.16 0.07 0.16 0.13 bdl bdl bdl
Total 100.02 99.17 100.05 100.06 100.01 99.42 99.93 100.09 100.16 100.00 99.61 99.24 100.02

bdl - > detection limit

represented by breyite and majoritic garnet. The specific feature of
breyite is elevated concentration of TiO, (3.56 wt%). Majoritic garnet
have the excess of Si 3.08 pfu and by high CaO (14 wt%) and low
Cr,03 (0.12 wt%) content may be attributed to eclogitic paragenesis
(Grutter et al., 2004; Sobolev, 1977). Orthopyroxene from composite in-
clusion with jeffbenite in diamond SL-13 (Fig. 4 b) has Al,05 (2.03 wt%)
and FeO (8.10 wt%). Jeffbenite in this inclusion is enriched with Al,O3
(18.8 wt%), TiO, (5.37 wt%) and has elevated chromium content
(1.31 wt% of Cr,03). The inclusion of breyite found in the same diamond
also show high concentration of TiO, (6.54 wt%).

4. Discussion

Bridgmanite (MgSiOs) represents the most abundant lower-mantle
mineral, but the least common of these minerals included in superdeep
diamonds from Lower Mantle (Harte, 2010; Kaminsky, 2012). In this
study, (Mg,Fe)SiOs phases in one single-phase and two composite inclu-
sions in diamonds from Juina (Brazil), have been analyzed to identify
retrograde phases of former bridgmanite. XRD and Raman spectra
have revealed that they are represented by orthopyroxene (Opx). XRD
patterns and EBSD mapping of orthopyroxenes in these inclusions indi-
cate that they are not single crystals. These polycrystalline textures to-
gether with high lattice strain of host diamond around these
inclusions may be an evidence for the retrograde phase transition of for-
mer bridgmanite (Zedgenizov et al., 2015). Significant volume expan-
sion expected at this phase transition on ascent from lower mantle
depths had been retained due to internal fracturing and plastic defor-
mation of the diamond (Anzolini et al., 2016; Hutchison et al.,, 2001).

The specific feature of studied orthopyroxenes is an elevated Al,O3
content (1.34-3.22 wt%). Kaminsky (2012) have suggested that
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Fig. 5. Portion of ternary plot illustrating the compositions of single phase (SL-14-1) and
composite inclusions (SL-13-2; SL-80-3) with MgSiOs.

retrograde phase fully inherits its initial bridgmanite chemical composi-
tion, including a high Al content, which is not characteristic for
orthopyroxenes occurring as inclusions in diamonds from lithospheric
mantle (e.g. Stachel and Harris, 2008). In comparison with lithospheric
orthopyroxenes, bridgmanite show very low Ni contents because of
preferential partitioning of Ni into associated ferropericlase (Harte
et al., 1999; Stachel et al., 2000). The partitioning of Fe and Ni between
associated inclusions of orthopyroxene and ferropericlase in diamond
SL-14 (Fe-Mg Kd ~0.38; Dy; ~ 0.09) correspond well to experimentally
determined values between bridgmanite and ferropericlase at the
lower mantle conditions (Auzende et al., 2008; Kesson and FitzGerald,
1991; Muir and Brodholt, 2016; Prescher et al., 2014).

Most previously reported bridgmanites from diamond inclusions
have an Al,Os; content ranging from 0.55 to 3.37 wt%, but rare
bridgmanites show much higher contents (Harte and Hudson, 2013).
In several cases, bridgmanite is recorded in composite inclusions with
jeffbenite, olivine and spinel (Hayman et al., 2005; Thomson et al.,
2014; Walter et al, 2011; Zedgenizov et al., 2015). Walter et al.
(2011) and Thomson et al. (2014) have interpreted these composite in-
clusions as a product of retrograde decomposition of original aluminous
bridgmanite. The bulk compositions of these inclusions are very similar
to bridgmanites produced in experiments on basaltic compositions at
lower-mantle P-T parameters (Ono et al., 2001; Ricolleau et al., 2010;
Hirose et al., 2001; Litasov and Ohtani, 2005). They are much richer in
Al, Ti, and Fe than are bridgmanites that form in experiments on mantle
peridotite. Two composite inclusions in studied diamonds are repre-
sented by associations of orthopyroxene with jeffbenite (SL-13) and
with jeffbenite and olivine (SL-80). These constituents may represent
an original equilibrium mineral assemblage or may be the multi-phase
decompression product of an original single-phase inclusion. The bulk
compositions of these composite inclusions are also significantly
enriched in Al, Ti, and Fe, but not fully resemble the composition of Al-
rich bridgmanites produced in HP-HT experiments on basaltic composi-
tions (Fig. 5). The orthopyroxenes in studied single-phase and compos-
ite inclusions by composition correspond to bridgmanites produced in
experiments modelling mantle peridotites whereas associated
jeffbenite are similar to Al-rich bridgmanites formed in eclogitic
systems.

The jeffbenite was considered to originate in upper/lower mantle
boundary and lower mantle assemblages because it was found in asso-
ciation with ferropericlase and bridgmanite inclusions in the same dia-
mond, and sometimes appeared to occur as a single-phase inclusion
(Armstrong and Walter, 2012; Bulanova et al., 2010; Harris et al.,
1997; Kaminsky, 2012; Zedgenizov et al., 2014). Although jeffbenite
has been found in inclusions in many superdeep diamonds, it had
never been produced in HP-HT experiments resembling lower mantle
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conditions. Armstrong and Walter (2012) have suggested that
jeffbenite must be a retrograde product, forming mainly from Al-
bridgmanite, but possibly also from garnet, because it is stable only at
relatively low pressures (up to 13 GPa at 1973 °C). This observation
makes enigmatic the association of jeffbenite with ferropericlase and
bridgmanite in some superdeep diamond. However, the stability field
of jeffbenite has been extended to ~23 GPa (~660 km), demonstrating
that this mineral may represent one of the most reliable markers for di-
amonds super-deep origin (Anzolini, 2018).

Bridgmanite becomes stable after breakdown of garnet or olivine
polymorphs at the depth of upper/lower mantle boundary around
660 km. Experiments have demonstrated very narrow and flat loop
with coexisting Mg-perovskite, ferropericlase and ringwoodite (spi-
nel-structured olivine polymorph) near that boundary (Ishii et al.,
2019). It was earlier suggested that ringwoodite with Mg# 80
would coexist with ferropericlase with Mg# 71 and perovskite with
Mg# 85 (Brey et al., 2004). Olivine and orthopyroxene in composite
inclusion in diamond SL-80 have Mg# 81 and 84, which is very sim-
ilar to the predicted values. Their protoliths must be rich in Fe and
could be a hybrid rocks of peridotite plus subducted eclogite or sed-
iments at the depth of upper/lower mantle boundary (Brey et al.,
2004). High-Ca and low-Cr majoritic garnet in the same diamond,
however, corresponds to the depth of upper mantle (Stachel,
2001). Thus the presence of this garnet suggests that this diamond
undergoes polybaric growth in the mantle.

5. Conclusions

In this study, one single-phase (sample SL-14) and two composite
inclusions of (Mg,Fe)SiOs coexisting with (Mg,Fe)3;Al,Siz04; jeffbenite
(sample SL-13), and with (Mg,Fe)3Al,Si304; jeffbenite and (Mg,Fe)
2Si04 olivine (sample SL-80) have been analyzed to identify retrograde
phases of former bridgmanite in superdeep diamonds from Juina
(Brazil). Raman spectra, XRD and EBSD have revealed that (Mg,Fe)
SiO3 are represented by orthopyroxene. (Mg,Fe)3Al,Si;0¢, and (Mg,
Fe),Si0,4 in composite inclusions are identified as jeffbenite (TAPP)
and olivine. These inclusions are associated with inclusions of
ferropericlase (SL-14), breyite (SL-13), single-phase (Mg,Fe)SiO3
(Opx), breyite and majoritic garnet (SL-80). XRD patterns of (Mg,Fe)
SiOs inclusions indicate that they are not single crystals. These data, to-
gether with high lattice strain of host diamond around these inclusions
observed from EBSD (Zedgenizov et al.,, 2015) it may be an evidence for
the retrograde phase transition of former bridgmanite.

Single-phase inclusions of (Mg,Fe)SiOs in superdeep diamonds are
suggested to represent a retrograde phase of bridgmanite and fully in-
herit its initial chemical composition, including a high Al and low Ni
contents (Harte and Hudson, 2013; Kaminsky, 2017). The composite in-
clusions of (Mg,Fe)SiO3 with jeffbenite and other silicate and oxide
phases may be interpreted as exsolution products from originally ho-
mogeneous bridgmanite (Walter et al., 2011). The bulk compositions
of composite inclusions in studied diamonds are rich in Al, Ti, and Fe,
which are similar but not fully resembling Al-rich bridgmanite pro-
duced in experiments on the MORB composition. However, the retro-
grade origin of these composite inclusions due to decomposition of Al-
rich bridgmanite may be doubtful because each of observed phases
may represent single-phase inclusions, i.e. bridgmanite (SL-14), with
similar compositional features.
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