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Abstract—The paper describes mineralogical characteristics of SiO2 inclusions in sublithospheric diamonds,
which typically have complicated growth histories showing alternating episodes of growth, dissolution, and
postgrowth deformation and crushing processes. Nitrogen contents in all of the crystals do not exceed
71 ppm, and nitrogen is detected exclusively as B-defects. The carbon isotope composition of the diamonds
varies from δ13С = –26.5 to –6.7‰. The SiO2 inclusions occur in association with omphacitic clinopy-
roxenes, majoritic garnets, CaSiO3, jeffbenite, and ferropericlase. All SiO2 inclusions are coesite, which is
often associated with micro-blocks of kyanite in the same inclusions. It was suggested that these phases have
been produced by the retrograde dissolution of primary Al-stishovite, which is also evidenced by the signifi-
cant internal stresses in the inclusions and by deformations around them. The oxygen isotope composition of
SiO2 inclusions in sublithospheric diamonds (δ18O up to 12.9‰) indicates a crustal origin of the protoliths.
The negative correlation between the δ18O of the SiO2 inclusions and the δ13C of their host diamonds reflects
interaction processes between slab-derived melts and reduced mantle rocks at depths greater than 270 km.
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INTRODUCTION
Natural diamonds are unique geological material,

which was brought from the greatest depths, so far
available for geological studies. They have long been
used in solving problems related to the nature of the
Earth’s mantle and chemical processes in deep zones
of the Earth. One of the key indicators of the genesis
of diamonds is the mineralogy and composition of
inclusions in them, most of which suggest that dia-
monds were formed mostly in ultramafic (peridotite,
P-type) and mafic (eclogite, E-type) rocks in the bot-
tom part of the lithospheric mantle of ancient cratons
(Sobolev, 1974; Meyer, 1987; Harris, 1992). It is also
thought that a small percentage (<5%) of diamonds
could be formed under much higher pressures in the
transition zone of the upper mantle (>410 km) or even
in the lower mantle (>660 km) (Harte et al., 1999;
Stachel et al., 2005; Walter et al., 2011; Kaminsky,
2012). It is thereby emphasized that diamonds are pro-
duced in the sublitospheric mantle and transition zone
mostly in relation to subducted mafic rocks of the oce-
anic lithosphere but not to ultramafic material of the
primitive mantle, in which most diamonds in the
lower mantle are produced (Harte, 2010).

According to current geodynamic models, subduc-
tion of the oceanic lithosphere is able to transfer the

material of the Earth’s upper shells (bottom sedi-
ments, altered lavas, and depleted mantle rocks) from
Earth’s upper zones to deep levels of its mantle. The
subducted rocks can be accumulated in the bottom
part of the subcratonic mantle, as is inferred from
mantle xenoliths and diamond-hosted inclusions
found worldwide in kimberlites (Jacob, 2004; Taylor
et al., 2005; Shatsky et al., 2015, 2016; Zedgenizov
et al., 2016), or these rocks can be brought to the
depths of the seismically determined boundary
between the upper and lower mantle and even into the
lower mantle (Fukao et al., 2001).

Silica phases (coesite and stishovite) have never
been found in peridotitic rocks in the upper mantle but
are quite common in the mafic (eclogite) association.
Although coesite eclogites are only infrequently found
in kimberlites worldwide, coesite inclusions were
identified in diamonds from practically all primary
and placer deposits around the world. It was deter-
mined that diamond-hosted mineral assemblages with
coesite correspond to a broad series of mafic composi-
tions from magnesian websterites to kyanite eclogites,
grospydites, and calc–silicate rocks, which were pro-
duced in the bottom part of the subcratonic litho-
spheric mantle (Sobolev, 2006). Inclusions of a sup-
posedly high-pressure SiO2 phase (stishovite) were
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also documented in many diamonds, which were also
thought to crystallize at greater depths: in the astheno-
sphere, transition zone, and lower mantle (Kaminsky,
2012). Keen interest is attracted by diamonds from dif-
ferent sources (kimberlites and alluvial placers) in the
Juina area, Brazil, because these diamonds typically
host inclusions of mineral assemblages of the sublito-
spheric mantle (Harte et al., 1999; Kaminsky et al.,
2001, 2009; Hutchison et al., 2001; Hayman et al.,
2005; Brenker et al., 2007; Walter et al., 2008; Bula-
nova et al. 2010; Araujo et al. 2013; Zedgenizov et al.
2014; Thomson et al., 2014; Burnham et al., 2015).
This paper presents new data on the distinguishing
mineralogical features of SiO2 inclusions in sublitho-
spheric diamonds from São Luís placers, Brazil. These
data are then used in discussing the conditions of the
origin (in the sublithospheric mantle) and the possible
protoliths of rocks with diamonds hosting SiO2 phases.

CHARACTERISTICS OF THE SUPERDEEP 
DIAMONDS WITH SiO2 INCLUSIONS

The diamonds with inclusions of a SiO2 phase are
colorless or pale brown crystals, which have a geomet-
rically distorted shape or are euhedral. They show evi-
dence of intense dissolution, etching channels, and
numerous cracks and chippings. We used parallel dou-
ble-sided polished plates to study the internal struc-
ture, impurity defects, and carbon isotope composi-
tion of the diamonds and inclusions in them.

The internal structure of the diamonds with SiO2
inclusions, which was detected by studying the pol-
ished plates in cathodoluminescence, suggests com-
plex growth histories of the diamonds (Fig. 1). The
crystals typically show a number of contrasting growth
zones, which sometimes have thin concentric zoning.
The boundaries of the growth zones are of irregular
shape, which indicates that the crystals originally had
distorted morphologies. Various zones of the crystals
show traces of plastic deformations in the form of thin
intersecting lines. These features of internal structure
are also typical of many other superdeep diamonds
described earlier in the Juina area (Hutchison et al.,
1999; Kaminsky et al., 2001; Araujo et al., 2013; Hay-
man et al., 2005; Bulanova et al., 2010; Zedgenizov
et al. 2014; Thomson et al., 2014; Burnham et al.,
2015). These and our newly acquired data thus con-
firm that superdeep diamonds, and those with SiO2
inclusions among others, are characterized by compli-
cated growth histories with alternating growth and dis-
solution episodes and those of overprinted deforma-
tion and crushing processes.

Using FTIR spectroscopy, we have analyzed local
variations in the nitrogen and hydrogen defects of the
diamonds with SiO2 inclusions. These data indicate
that none of the crystals contains more than 71 ppm
nitrogen (Fig. 1 shows these values for discrete zones).
Many diamonds or their zones contain <10 ppm nitro-
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gen and can thus be classified with nitrogen-free dia-
monds of type IIa. A high percentage of nitrogen-free
diamonds is an inherent feature of the population of
superdeep diamonds (Hayman et al., 2005; Hutchison
et al., 1999; Kaminsky et al., 2001; Bulanova et al.,
2010). Thereby the percentage of diamond crystals
containing statistically significant nitrogen concentra-
tions are characterized by its maximum aggregation,
i.e., the presence of nitrogen in the IR spectra is iden-
tified exclusively in B defects (four nitrogen atoms
substituting carbon around a vacancy; Zaitsev, 2001)
in the absolute absence of absorption related to the
specific structural platelets.

Six diamonds with SiO2 inclusions were analyzed
by SIMS for carbon isotope composition in their dis-
crete zones. Figure 1 shows the corresponding δ13C val-
ues in the zones. The carbon isotope composition
broadly varies from –26.5‰ in diamond SL-2 (Fig. 1a)
to –6.7‰ in diamond SL-48 (Fig. 1h). Such charac-
teristics of carbon isotope composition were also
determined in other superdeep diamonds with SiO2
inclusions (Burnham et al., 2015). Significant varia-
tions (by more than 10‰ in diamond SL-16, Fig. 1b)
were also detected between discrete zones in single
crystals. The variations in the crystals are associated
with a shift in the δ13С values toward heavier composi-
tions. According to their relationships between the
carbon isotope composition and defect–admixture
composition (Fig. 2), diamonds with SiO2 inclusions
from the Juina province plot within a region whose
parameters are typical only of a small percentage
(<10%) of all currently known diamonds (Cartigny
et al., 2001), and the great majority of these diamonds
affiliates with the eclogite assemblage.

Assemblages of SiO2 Inclusions in Seperdeep Diamonds

SiO2 inclusions hosted in various zones of the dia-
monds often occur in association with inclusions of
other minerals: omphacitic clinopyroxene (Omph) in
diamond SL-55; majoritic garnet (Maj-Gt) in dia-
monds SL-16, SL-28, SL-31, and SL-36; a CaSiO3
phase in diamonds SL-28, SL-31, and SL-42; and jef-
fbenite (Jfbn) in diamond С-40 (Zedgenizov et al.,
2014). SiO2 inclusions in association with a CaSiO3
phase were described in other superdeep diamonds
(Stachel et al., 2000; Bulanova et al., 2010). In was
suggested that inclusions of a CaSiO3 phase of per-
ovskite structure can be produced in mantle rocks at
pressures above 14–16 kbar, i.e., in the thermody-
namic stability field of stishovite (Walter et al., 2011;
Kaminsky, 2012; Thomson et al., 2016). In the dia-
monds in question, such inclusions are usually low-
pressure polymorphs (Zedgenizov et al., 2016). The
garnet shows broad compositional variability and con-
centration of the majorite end member and is poor in
Cr2O3 (<0.3 wt %). The jeffbenite is also poor in Cr2O3
(<0.1 wt %) and rich in TiO2 (4.5 wt %). Composi-
 2019
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Fig. 1. Cathodoluminescence images of polished sections of superdeep diamond platelets with inclusions of SiO2 and other min-
erals from the Juina deposit, Brazil: (a) SL-2; (b) SL-16; (c) SL-28; (d) SL-31; (e) SL-36; (f) SL-42; (g) SL-55; (h) SL-48;
(i) C-40. The images show the associations of the inclusions and the variations in the carbon isotope composition (δ13C) and
nitrogen concentrations of the diamonds.
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tional traits of the inclusions found in association with
the SiO2 inclusions seem to suggest that they were
formed in mafic rocks (Zedgenizov et al. 2014).

In addition to minerals that can be attributed to
mafic associations of the sublithosperic mantle, SiO2
inclusions were also found in the diamonds that hosted
ferropericlase inclusions (Harte et al., 1999; Kaminsky
et al., 2001; Stachel et al., 2000; Davies et al., 2004).
Theoretical models and experimental data suggest that
ferropericlase can be produced only in ultramafic
rocks at depths corresponding to the boundary
between the transition zone and lower mantle (Harte,
2010). According to F.V. Kaminsky (2017), the pres-
ence of free silica in the lower mantle is explained by
that its composition differs from pyrolite. It was
GEOCH
hypothesized that silica may have come to the lower
mantle from the core (Hirose et al. 2017; Helffrich
et al. 2018). An equilibrium association of ferroperi-
clase and a high-pressure SiO2 phase (stishovite) can
be produced by a peritectic reaction involving bridg-
manite, another typical mineral of the lower mantle,
as has been experimentally established for FeO-
enriched compositions, the so-called stishovite para-
dox (Litvin et al., 2017).

Characteristics of SiO2 Inclusions
in Superdeep Diamonds

To characterize structural–chemical features of
SiO2 inclusions in superdeep diamonds, we have ana-
EMISTRY INTERNATIONAL  Vol. 57  No. 9  2019
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Fig. 2. Correlation between the carbon isotope composition (δ13C, ‰) and nitrogen concentration (N, ppm) in superdeep dia-
monds with SiO2 inclusions from the Juina deposit, Brazil.
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lyzed them using Raman spectroscopy. The spectra of
the inclusions show lines of coesite with a characteris-

tic more intense line with a maximum at 525–531 cm–1

(Fig. 3). The shift of this line toward higher frequen-
cies suggests residual strain in the inclusions. The shift
of this coesite line relative to its “normal” (without

strain) position at 521 cm–1 is 2.9 ± 0.1 cm–1/GPa
(Hemley, 1987). Based on this calibration, we esti-
mated the residual strain in the inclusions at 1.6–
3.4 GPa, with different values acquired even for inclu-
sions hosted in a single crystal (for example, 1.8 and
3.4 GPa for diamond SL-42), which obviously indi-
cates that some of the inclusions have relaxed their
strain via plastic and brittle deformations. We have
found extensive deformations around SiO2 inclusions

in superdeep diamonds based on electron backscatter
diffraction (EBSD) data (Zedgenizov et al., 2015).
Deformations induced by strain around the inclusions

were also identified using the 4-cm–1 shift of the dia-

mond peak at 1332 cm–1 in the Raman spectra (Fig. 4).

In addition to lines of coesite, the spectra of many
of the inclusions show a series of less intense bands of
another phase (Fig. 3). Comparison with reference
spectra from the RRUFF database led us to suggest
that this phase is always kyanite. Kyanite microblocks
(5–10 μm) were also identified in the BSE images of
some of the polished inclusions (Fig. 5), and their
identification was confirmed by chemical analyses,
which corresponded to the stoichiometry of Al2SiO5.

We have not detected any significant admixtures in
either the coesite or the kyanite.
GEOCHEMISTRY INTERNATIONAL  Vol. 57  No. 9 
To determine the nature and possible sources of the
protoliths of the rocks in which the superdeep dia-
monds crystallized, we have analyzed the oxygen iso-
tope composition of the SiO2 inclusions by SIMS. In

five of the samples, δ18O values ranged from 10.4 to

12.6‰, except a single sample (SL-31) whose δ18O =
6.4‰ and which most closely approached the hypo-

thetical mantle average values of δ18O = 5.5 ± 0.4‰
(Mattey et al., 1994). The diamonds whose inclusions
have a heavy oxygen isotope composition typically
have a relatively light carbon isotope composition of

δ13С = –25.4 to –20.6‰ (Fig. 6). An exception is

sample SL-31, having δ13С = –7.5%, with inclusions

in it having δ18O = 10.4‰. Data on the oxygen isotope

composition of SiO2 phases (δ18O from 8.3 to 12.9 ‰)

and the carbon isotope composition of the host super-

deep diamonds from the Juina province (δ13С from
‒26.1 to –6.4‰) were also published in (Burnham
et al., 2015). Our data reported herein show similar
tendencies, which are also typical of many coesite
inclusions in lithospheric diamonds (Schulze et al.,
2013) (Fig. 6).

DISCUSSION

The presence of a free SiO2 phase (coesite or

stishovite) in crustal rocks subducted to significant
depths has been demonstrated by extensive natural and
experimental data. It was determined that the upper-
mantle coesite-bearing mineral assemblages extremely
widely vary in composition and, according to isotope–
 2019
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Fig. 3. In-situ Raman spectrum of a SiO2 inclusion in diamond SL-55 in comparison with the reference spectra of coesite and
kyanite from the RRUFF database.
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Fig. 4. Raman shift of (1) diamond around (2) a SiO2 inclusion in sample SL-48. The inset in the top right-hand corner shows
an image of deformations around the inclusion (EBSD data) and spectrum-recording profiles.
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geochemical evidence, were formed in relation to the

subduction of the ancient oceanic crust (Sobolev,

2006). As the pressure increases (>9 GPa), stishovite
GEOCH
becomes the stable SiO2 phase. The minimum depth

of stishovite crystallization in the mantle was esti-
mated at 270 km (Zhang et al., 1993). We have not
EMISTRY INTERNATIONAL  Vol. 57  No. 9  2019
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Fig. 5. BSE images of polished SiO2 inclusions with Al2SiO5 blocks in superdeep diamonds: (a) SL-16; (b) SL-48; (c) SL-2. The
composition of the phases is confirmed by EDS microprobe analyses.
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Fig. 6. Correlation of the oxygen isotope composition (δ18O, ‰) of SiO2 inclusions and the carbon isotope composition (δ13C, ‰)
of the host diamonds: (1) superdeep diamonds from the Juina deposit, Brazil (newly obtained data); (2) superdeep diamonds from
the Juina deposit, Brazil (Burnham et al., 2015); (3) diamonds with coesite inclusions from the lithospheric mantle (Schulze et al.,
2013). The diagram shows the range of the average mantle ratios and the variations related to low-temperature hydrothermal alter-
ations of oceanic crustal rocks and introduction of organogenic carbon.
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identified stishovite in the superdeep diamonds.

According to Raman spectroscopic data, all of the

SiO2 inclusions are the lower pressure modification

coesite. It was hypothesized that coesite hosted in

superdeep diamonds was produced by the retrograde

transformation of stishovite, which was originally cap-

tured by the diamonds within the stability fields of

minerals coexisting with it (Kaminsky et al., 2012).
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This transformation should have obviously been asso-
ciated with large volume effects (~32%) and should
have brought about internal strain in the inclusions
and deformations of the host diamond around them.

In many of the inclusions, coesite was determined
to occur in association with kyanite. Experimental
data indicate that stishovite can contain much Al, and
its concentration in the mineral increases with
 2019
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increasing pressure (Pawley et al., 1993). This led us to
suggest that composite coesite inclusions with kyanite
hosted in the superdeep diamonds were originally Al-
bearing stishovite, which underwent phase transition
at decompression. Aluminum is accommodated in

stishovite via the substitution Si4+ → Al3+ + H+ (Paw-
ley et al., 1993). As was demonstrated in (Litasov et al.,
2007), hydrogen concentration in stishovite increases
with increasing pressure, and this makes it possible to
regard this mineral as a potential transporter of water
with subducted oceanic crustal metabasite rocks into
the lower mantle.

Experimental studies of systems that model the
composition of mid-oceanic ridge basalts (MORB)
show that, at 10–15 GPa, the redistribution of pyrox-
ene components into garnet with increasing pressure
leads to that eclogite is gradually transformed into a
rock consisting only of majoritic garnet and stishovite
(10–20 vol %) (Irifune and Ringwood, 1993). At pres-
sures higher than 20 GPa, majoritic garnet starts to
decompose and produce a CaSiO3 phase of perovskite

structure. The associations Maj-Grt + CaSiO3 + SiO2

and CaSiO3 + SiO2, which were identified in some of

the studied and previously described diamonds, seem to
reflect these and deeper environments. Experiments
modeling the average composition of the continental
crust have demonstrated higher (25–35 vol %) stisho-
vite contents in association in majoritic garnet, K-hol-
landite (KAlSi3O8), and clinopyroxene (>24 GPa) (Iri-

fune et al., 1994). The likely stability of this association
in the mantle was confirmed by finds of supposed K-
hollandite inclusions in superdeep diamonds from the
Juina province (Bulanova et al., 2010; Zedgenizov et al.,
2014).

Note that neither coesite nor stishovite are
expected in ultramafic (metaperidotite) associations
at various depth levels in the upper and lower mantle.
Nevertheless, the identified association of SiO2 inclu-

sions in ferropericlase, a typical mineral of the lower-
mantle metaperidotite association, in a few superdeep
diamonds may reflect the unusual parameters of their
crystallization, including the composition of the lower-
mantle material different from pyrolite (Kaminsky,
2017). The crystallization of new association with fer-
ropericlase and stishovite was experimentally demon-
strated at 24 and 26 GPa in both the metaperidotite
and the metabasite systems at their interaction with
carbonate melts (Litvin et al., 2016). However, it was
experimentally demonstrated that ferropericlase can
be formed in reactions between carbonatite melt and
reduced rocks at deep levels of the upper mantle
(>270 km) and should not necessarily crystallize in
the lower mantle (Brey et al., 2004). Ferropericlase
inclusions in association with a SiO2 phase are notably

enriched in Fe compared to ferropericlase expected in
lower-mantle metaperidotite association. The ferro-
periclase composition series in superdeep diamonds,
which are enriched in Fe, likely documents a prograde
GEOCH
reaction between carbonate melts and mantle rocks.
This interaction may result in new mineral associa-
tions crystallizing at pressures of 10–16 GPa, which
shall be intermediate between metaperidotites and
metabasites (Thomson et al., 2016). A possible source
of the carbonate melts in the mantle is thought to be
both peridotites (Kaminsky et al. 2016; Ryabchikov
and Kogarko, 2016) and subducted rocks of the oce-
anic lithosphere (Walter et al., 2008).

The oxygen isotope composition of the silicate
inclusions (SiO2 phases among them) and the carbon

isotope composition of the diamonds are considered
to be major evidence of their subduction-related gen-
esis (Schulze et al., 2013; Ickert et al., 2013). Currently
available data show that the oxygen isotope composi-
tion of the SiO2 inclusions and the carbon isotope

composition of superdeep diamonds broadly vary. It is

thought that δ18O values higher or lower than the man-
tle average ones ref lect near-surface low- and high-
temperature hydrothermal alterations of the rocks in
the oceanic crust (Taylor et al., 2005). When these
rocks are brought to significant depths, the isotope
composition is not modified any significantly. Hence,

the high δ18O values of SiO2 inclusions in the super-

deep diamonds definitely suggest that the rocks in
which the diamonds crystallized were crustal. A
crustal origin of superdeep diamonds hosting SiO2

inclusions also follows from their relatively light car-
bon isotope composition, which reflects isotope frac-
tionation in a biogenic or abiogenic cycle of organic
carbon on the Earth’s surface (Kirkley et al., 1991;
Shilobreeva et al., 2011). The aforementioned correla-

tion between the δ18O of the SiO2 inclusions and the

δ13C of their host superdeep diamonds may be
explained by re-equilibration of the subduction-
related carbonate melts with reduced mantle rocks at
depths greater than 270 km (Burnham et al., 2015).

CONCLUSIONS

Data of long-term studies showed that SiO2 phases

(quartz and coesite) are indicators of the mafic (eclog-
ite) association of the lithospheric upper mantle. The
occurrence of the higher pressure phase stishovite is
inferred from results of studies of diamond-hosted
inclusions from deeper levels of the sublitospheric
mantle. In the course of this study, we have analyzed
mineralogical characteristics of SiO2 inclusions in

sublithospheric diamonds from the widely known
Juina deposit in Brazil.

The diamonds hosting SiO2 inclusions typically

show evidence of intense dissolution, etching chan-
nels, numerous internal cracks, and chippings. The
inner structure of these diamond crystals provides evi-
dence of their complicated growth histories, with
alternating growth and dissolution episodes and over-
printed plastic and brittle deformation processes.
Nitrogen concentrations in all of the analyzed crystals
EMISTRY INTERNATIONAL  Vol. 57  No. 9  2019
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are no higher than a few tens ppm, and this element
was identified only as B defects, in the complete
absence of platelets. The carbon isotope composition
of superdeep diamonds with SiO2 inclusions broadly

varies from δ13С = –26.5 to –6.7‰. The relationships
between the carbon isotope composition and nitrogen
contents indicate that these diamonds were produced in
a region in which relatively little (<10%) of all previ-
ously studied diamonds were formed. The latter dia-
grams affiliate mostly to the eclogite assemblage.

Inclusions of SiO2 occur in superdeep diamonds in

association with omphacitic clinopyroxene, majoritic
garnet, a CaSiO3 phase, jeffbenite, and ferropericlase.

We failed to identify any stishovite relics. It was deter-
mined that all of the SiO2 inclusions are coesite, which

often occurs in association with minor kyanite grains.
We suggest that these phases were produced by retro-
grade transition of primary Al-stishovite. The signifi-
cant internal strain in the inclusions and deformations
around them may be indicators of these transforma-
tions. Al-stishovite is regarded as a potential H2O

transporter in deeply subducted mafic rocks of the
oceanic crust into the lower mantle. The oxygen iso-
tope composition of SiO2 inclusions in superdeep dia-

monds (δ18O up to 12.9‰) indicates that their proto-
liths were of crustal nature. The correlation between

the δ18O of the SiO2 inclusions and the δ13C of their

host diamonds seems to reflect interaction between
subduction-related melts and reduced mantle rocks at
depths greater than 270 km.
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