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Chapter 1 ®)
Introduction Check for

A huge amount of data has been accumulated in the field of high-pressure miner-
alogy to date (Agee 1998; Stachel 2001; Akaogi 2007; Irifune and Tsuchiya 2007;
Kaminsky 2012; and others). Direct study of the substance of the Earth’s mantle
using data on the minerals of mantle xenolith and inclusions in natural diamonds
is significantly restricted. According to the geothermobarometric estimates, most of
such minerals are formed at a depth of 150-200 km, i.e., their associations charac-
terize the P-T conditions of the upper mantle (Sobolev 1977; Sobolev et al. 1997,
Taylor and Anand 2004). At the same time, there is a continuous replenishment of
the database on mineral inclusions in diamonds related to the depths of the Earth’s
transition zone (410-660 km) (Davies et al. 2004; Stachel et al. 2000a) and lower
mantle (>660 km) (Harte et al. 1999; Harte and Harris 1994; Kaminsky et al. 2001;
Hayman et al. 2005; Stachel et al. 2000b).

Along with the mineralogical data, the geophysical data and experimental results
obtained at high pressures and temperatures are important sources for ideas on the
deep structure of the Earth. Deep analysis of mineralogical, geophysical, and experi-
mental information provided evidence for the most important phase transitions in the
Earth’s mantle, showed their relationships to the jumps in seismic wave velocities,
and defined the major phase assemblages typical of the different parts of the upper
mantle, transition zone, and lower mantle, which ultimately allowed to clarify the
existing models of the structure of the deep geospheres (Harte 2010; Pushcharovsky
and Pushcharovsky 2012).

Study of the behavior of minor elements at high pressures and temperatures is very
important for understanding of the chemical and phase compositions of the deep parts
of the Earth. The solubility of such microelements in high-pressure phases is poorly
studied, although even their small concentrations may significantly affect the physi-
cal properties of mantle minerals (Panero et al. 2006; Andrault 2007). It is also known
that, in some cases, minor components strongly influence on the physicochemical
parameters of the most important mantle equilibria, as well as on the crystal chemical
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characteristics of the mantle phases. Therefore, recently the behavior of microele-
ments in the deep geospheres of the Earth and their distribution between the mantle
phases has attracted considerable interest among researchers (Panero et al. 2006;
Andrault 2007; Corgne et al. 2012; Bobrov et al. 2014).

One of such elements is chromium, which is characterized by the low bulk concen-
trations in the Earth’s mantle (0.42 wt% Cr,03) (Ringwood 1966); however, some
mantle phases (garnet, chrome-spinel, etc.) show very high contents of chromium
(Stachel and Harris 1997; Harte et al. 1999). Until recently, publications on the
study of the phase equilibria in multicomponent mantle systems with natural chem-
istry (pyrolite, pyrope and spinel peridotite) (Hirose 2002; Irifune 1987; Irifune and
Ringwood 1987; etc.) contained only limited information on interphase partitioning
of chromium component, which is mostly explained by very low concentrations of
this element in starting compositions. Study of the phase equilibria in the Cr-rich
systems covered only the area of crystallization of knorringitic garnet and its solid
solutions (Irifune et al. 1982; Klemme 2004; Turkin and Sobolev 2009).

To fill this gap and to solve the indicated problem of the interphase chromium com-
ponent partitioning in the Earth’s mantle, here we report our data on the experimental
study of the Si0,—-MgO-Cr,03 model system and related multicomponent systems
at pressures and temperatures corresponding to a wide range of mantle conditions.
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Chapter 2 ®)
Basics of Geochemistry and Mineralogy Guca i
of Chromium

Chromium (Cr) is the chemical element with the atomic number 24. It is the first
element in group 6 (VIb) of the periodic table. It is a steely-grey, lustrous, hard, and
brittle metal, which takes a high polish, resists tarnishing, and has a high melting
point (2130 °C). The name of the element is derived from the Greek word x p®dpa,
chroma, meaning color, because of the variety of intense colors of its compounds.

shutterstock.com - 1011246439

Chromium was discovered as an element in the orange-red crystalline mineral
crocoite (Pb(II) chromate) found in 1761 by Johann Gottlob Lehmann (1719-1767)
in the Beryozovskoye Mine (Ural Mountains, Russia) and initially used as a pigment.
The samples of crocoite ore were studied by Louis Nicolas Vauquelin. In 1797,
he produced chromium trioxide (CrO3) by mixing crocoite with hydrochloric acid
and then, in 1798, Vauquelin isolated metallic chromium by heating the oxide in
a charcoal oven (Donath 1962). In the same year, chromium was independently
extracted from crocoite by Martin Heinrich Klaproth.
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Louis Nicolas Vauquelin (1763—-1829)

Martin Heinrich Klaproth (1743-1817)
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The atomic weight of the most abundant (83.789%) chromium isotope is 51.996.
A total of 26 isotopes of chromium from **Cr to %7 Cr are known. Among them, there
are three stable isotopes: 2Cr, 33Cr, and >*Cr. >*Cr is the product of >*Mn radiogenic
decay (a half-life is 3.74 m.y.). In addition, there are 19 radioisotopes with *°Cr being
the most stable (with a half-life of more than 1.8 x 10'! m.y.). The half-life of 3!Cr
is 27.8 days, and it is applied as an isotope indicator. All other radioactive isotopes
have half-lives less than 24 h and most of them have half-lives less than 1 min. The
least stable is %°Cr with a half-life of 10 ms.

Chromium is a quite abundant element on the Earth. It is the 22nd most abundant
element in Earth’s crust with an average concentration of 8.3 x 1073%, and is more
typical for the mantle, where it is the seventh abundant element after O, Mg, Si, Fe,
Ca, and Al (Jagoutz et al. 1979; Hartmann and Wedepohl 1993).

Chromium is mostly mined as chromite FeCr,O4. The largest deposits
of chromium are located in South Africa (first place in the world,
~2/5 of chromite ores and concentrates), Kazakhstan (second place, ~1/3),
Russian Federation, Zimbabwe, and Madagascar. Smaller deposits are in
Turkey, India, Armenia, Brazil, and Philippines. The deposits are repre-
sented by massive and impregnated ores in ultramafic rocks. For this reason,
ultrabasic rocks are the most enriched in chromium (2 x 10~'%). The concentrations
of chromium in basic and acid rocks are much lower and reach only 2 x 1072 and
2.5 x 107*%, respectively.

More than 80 minerals with chromium playing an important structural role are
known, but among them only Cr-rich spinels (up to 54 wt% Cr,O3) have commercial
significance. In addition, significant concentrations of chromium are typical of other
minerals, which often accompany chromium ores, but do not represent a suitable
source for the element (uvarovite, volkonskoite, kammererite, fuchsite, etc.). The
production of stainless steel is the main area where the useful properties of chromium
are applied. It is used in the chemical, refractory, and foundry industries as well.

Chromium is an element exhibiting variable valences of state. Although this metal
forms many chemical compounds, in which it may show a wide range of oxidation
states from O to +6, the +3 and +6 states are the most common in chromium min-
erals. Poorly mobile compounds of Cr** predominate in humid landscapes; its water
migration is weak there. Cr’* is inert in eluvial soils of steppes and deserts as well,
but under these strongly oxidized alkaline environments, Cr** may be transformed
to Cr%, which may be accumulated upon salinization. Cr in the hexavalent state is
a powerful oxidant at low or neutral pH. Easily soluble potassium chromates and
other rare Cr-minerals are known in deserts (Perel’man 1989). Compounds with Cr
in states 0, +1, +4, and +5 are rare.

Chromium may form various anionic and cationic complexes: Cr** occurs in
acidic solutions as [Cr(H,0)¢]**, whereas the major form of Cr** in basic solutions
is [Cr(OH)g]**. Among the most important Cro* compounds are chromate [CrO4]*
and dichromate [Cr,07]?~ anions, the formation of which in poorly acidic or alkaline
media is controlled by the reaction like 2[CrO4]*>~ + 2H' < [Cr,07]>~ + H,O
(Alekseev 1987). The mobility of chromium in soils increases under the poorly acidic
environments. Cr** in the acidic medium is inert; at pH 5.5, it precipitates almost
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completely. Cr* is very unstable being mobilized easily in acidic and alkaline soils
(Lozanovskaya et al. 1998). Highly oxidized forms of Cr®* are less stable than Cr**
(Lozanovskaya et al. 1998; Perel’'man 1989).

The different chromium compounds are described below.

Trivalent chromium most often occupies octahedral sites in mineral structures
(garnet, akimotoite, bridgmanite, chromite, and high-pressure phases with the cal-
cium titanate-type structure, wadsleyite, ringwoodite, etc.) (Bindi et al. 2014a, b, ¢
and others); rarely Cr occurs in the dodecahedral (bridgmanite) (Bindi et al. 2014a)
and tetrahedral (wadsleyite) (Sirotkina et al. 2018) sites. The octahedral radius of
Cr** = 0.615 A (Shannon and Prewitt 1969) is between r(Y'AI**) = 0.53 A and
r(VIFe*) = 0.645 A, r(V'Ti*) = 0.68 A, r(Y'Mg?*) = 0.72 A. Because of this,
Cr’* may substitute for AI**, Fe’*, Ti**, and Mg?* in octahedral sites in differ-
ent rock-forming minerals. The substitution AI**~Cr**, which is typical of the
spinel (MgAl,O4)—chromite (FeCr,O,4) series, is the predominant one. The sub-
stitution Fe**—Cr** typical of the magnetite (Fe30,)—chromite (FeCr,Oy4) solid
solution is abundant as well. The heterovalent substitution Ti**—Cr* is typical in
ulvospinel (Fe”*TiO,). The limited substitution Mg>*—Cr3* occurs, for example, in
high-pressure phases with the structures of wadsleyite or ringwoodite and requires
a charge compensation.

Hexavalent chromium occurs in natural chromates, such as crocoite PbCr®* Oy
(Donath 1962), vauquelinite Pb,Cu(Cr®* 0,)(PO4)(OH) (Fanfani and Zanazzi 1968),
and fornacite Pb,Cu(Cr® 04)(AsO,4)(OH) (Fanfani and Zanazzi 1967), which in most
cases are very rare. Such minerals are observed in the zone of oxidation of lead ores
near the massifs of ultramafic rocks. Weathering accompanied by decomposition
of Cr-rich spinels and chromium-bearing silicates may result in the formation of
chromic acid (H,CrOy). Cr®" in chromates occurs in the tetrahedral coordination
with a mean <Cr—O> bond distance of ~1.65 A. Such value is close to <As—O>
(~1.68 A) tetrahedral bond distance.

In extremely reduced environments, on the contrary, there is the appearance of
chromium in the divalent state. In particular, divalent chromium is most likely incor-
porated in the composition of olivine from lunar basalts. The concentration of Cr,O3
in such olivine reaches 0.6 wt% (Haggerty et al. 1970). Sutton et al. (1993) sup-
ported entrance of chromium as Cr*+,Si0, component in olivine from lunar basalts.
Increase in the concentration of chromium in lunar olivines is explained by their for-
mation under the conditions of low oxygen fugacity (Haggerty 1978; O’Neill 1991;
Sato 1976; Sato et al. 1973) and by the fact that the ionic radius of Y'Cr?* (0.82 A)
(Shannon 1976) is close to r(V!Fe?*) = 0.77 A and r(Y'Mg?*) = 0.72 A. Despite this,
the crystal structure of minerals with Cr?* are highly distorted due to the well-known
Jahn-Teller effect on this cation.

Hanson and Jones (1998) studied partitioning of Cr** and Cr** between olivine
and basaltic melt in the presence of spinel. It was shown that the degree of chromium
oxidation depends on the presence of iron in the system. In particular, total chromium
occurs in the trivalent state at an oxygen fugacity corresponding to the QFM + 1
buffer, whereas in the iron-free systems, at logfO, = —3 (QFM + 3 — QFM + 4).
Cr?* enters olivine under an oxygen fugacity of <IW — 1) in both Fe-bearing and
Fe-free systems (Fig. 2.1) (Hanson and Jones 1998; Papike et al. 2004).
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Such reduced conditions (close to the (IW — 1) buffer (Papike et al. 2004)) are
very rare and may be only typical of central inclusions in deep diamonds (Bulanova
et al. 1993), lunar basalts (Table 2.1), and meteorites. The concentration of Cr,O3 in
olivine from meteorites reaches 0.7 wt% (Fig. 2.2).

High-Mg olivine associated with graphite and pyrrhotite predominates as central
inclusions in diamond of ultrabasic assemblages (Bulanova et al. 1993).

There is an assumption (Ryabchikov et al. 1981; Bulanova et al. 1993) that, by the
analogy with lunar rocks, chromium in such phases of the Earth’s mantle as olivine (or
other (Mg,Fe),Si0,4 polymorphs from inclusions in diamond) occurs in the divalent
state as a Cr*",Si0, end-member due to the low-oxygen fugacity in the parental
diamond-forming medium. However, the concentration of Cr,O3 in mantle olivine
is not high (in particular for olivine from the central zones of diamond crystals) and
reaches 0.2 wt%.
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Fig. 2.2 Correlation between the concentrations of Cr and Fe/(Fe + Mg) in olivine from chondrite
(Jones and Scott 1989; Jones 1990; McCoy et al. 1991; Weinbruch et al. 1994; Leshin et al. 1997),
lunar basalts (Haggerty et al. 1970; Papike 1998), inclusions in diamond (Hutchison et al. 2001;
Kaminsky et al. 2001; Stachel et al. 2003; Sobolev et al. 2004; Phillips et al. 2004), and inclusions
in the central zones of diamond (Bulanova et al. 1993)

Cr? may occur in meteorites (Olsen et al. 1973) as well as in terrestrial rocks, like
in association with native Ti, Ni, Fe, and other metals in podiform chromitites from
the Luobusa ophiolite complex (South Tibet, China) (Robinson et al. 2004).

Chromium in meteorites is predominantly lithophilic element and enters the
composition of chromites, pyroxenes and olivines, but to a lesser degree shows
chalcophilic and siderophilic properties. Sometimes chromium in meteorites forms
uncommon phases as krinovite (NaMg,CrSi3O1() (Olsen and Fuchs 1968) and kos-
mochlor (NaCrSi;Og) (Frondel and Klein 1965). At a relatively low oxygen fugac-
ity typical of enstatite chondrites and achondrites, chromium acquires chalcophile
properties and forms minerals like daubréelite (FeCr,S4) (Keil 1968) and brezinaite
(Cr3S4) (Bunch and Fuchs 1969), as well as it can enter significantly the compo-
sition of troilite. Daubréelite is the most abundant accessory mineral in many iron
meteorites, enstatite chondrites, and achondrites. Brezinaite was registered only in
the Tucson iron meteorite (Busch and Fuchs 1969), in which the oxygen activity was
rather low for chromium to become chalcophile.

Quite low concentrations of Cr (<0.01 wt%) are typical of metallic phases from
stony meteorites of all classes. The concentration of Cr in kamacite from C2 mete-
orites reaches 1 wt%, whereas the concentration of Cr in taenite from C3 meteorites
ranges within 0.01-0.7 wt%.

It was shown by Winke et al. (1978) and by Dreibus and Wanke (1979) that
meteorites were enriched in chromium in relation to the Earth’s mantle. These authors
concluded that this was explained by predominant redistribution of chromium into
the Earth’s core. The later experimental studies showed that chromium really became
a siderophile element at a temperature above 1500 °C and at redox conditions of the
Earth’s mantle (Brey and Wanke 1983; Rammensee et al. 1983).
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Chromium takes a special place in petrology and geochemistry of the Earth’s
mantle. According to the bulk concentration in mantle peridotites, chromium is a
typical minor element and its influence on parameters of phase transformations and,
consequently, on physical and chemical properties of mantle rocks almost has not
been studied yet. However, even low concentrations of chromium are sufficient for
stabilization of chrome spinel upon partial melting of the mantle material, which is
of key importance for the formation of high-chromium associations in the Earth’s
mantle. The potential value of chromium for thermobarometric purposes has not
been fully disclosed as well.

Wijbrans et al. (2016) showed that the concentration of the majoritic component
in garnet depends not only on pressure, but on the composition of garnet as well, in
particular on the Cr/(Cr + Al) ratio, whereas the temperature has a small influence.
This fact is very important for understanding of phase relations in the Earth’s upper
mantle. It was shown that at the same pressure, garnets with the higher concentration
of chromium would have the lower contents of the majoritic component in com-
parison with varieties depleted in chromium. In this regard, we may conclude that
high-chromium majoritic garnets (e.g., see review in Stachel 2001) were formed at
very high mantle depths. Based on the concentration of the majoritic component in
garnet and the value of the Cr/(Cr 4 Al) ratio, Wijbrans et al. (2016) worked out a
geobarometer for garnets of the peridotitic and eclogitic assemblages.

Reconstruction of the chemical and phase compositions of the deep Earth geo-
spheres is significantly based on the results of the study of mantle xenoliths in kim-
berlite and inclusions in natural diamonds. The data of geobarometry show that the
chemical equilibria in most of deep xenoliths from kimberlite and lamproite pipes
were gained at depths of <200 km (e.g., Taylor and Anand 2004). Therefore, to
obtain reliable information on mineralogy and geochemistry of the transition zone
and lower mantle of the Earth, first of all, we should use the data obtained from
inclusions in superdeep diamonds.

A number of ultrahigh-pressure minerals providing the most reliable informa-
tion on the phase composition and structure of deep zones of the Earth have been
described in such inclusions to date (e.g., Stachel 2001; Moore and Gurney 1985).
These phase assemblages include majoritic garnet and some phases indicating the
P-T conditions of the lowermost upper mantle, transition zone, and lower man-
tle, such as (Mg,Fe)SiO4 with the ringwoodite- and wadsleyite-type structures,
(Mg,Fe,Al)(Al,Si)O5 with the ilmenite- (akimotoite) and perovskite-type (bridgman-
ite) structures, CaSiO3 with the perovskite-type structure, magnesiowiistite (ferroper-
iclase), etc. As it is evident from X-ray diffraction data, most of these minerals were
isochemically transformed into the lower pressure minerals (Harte et al. 1999; Joswig
et al. 1999; Stachel et al. 2000b; Kaminsky et al. 2001), so that the proof for their
primarily ultra-deep origin is often quite problematic.

Among the abovementioned minerals, majoritic garnet is the only direct indicator
of the high depth of formation of mineral assemblages in the lowermost upper mantle
and transition zone, since this phase may be reliably identified by its chemical com-
position. It is known that most of these garnets belong to the eclogitic assemblage
(Stachel et al. 2000a; Stachel 2001; Gasparik 2002; Taylor and Anand 2004), and
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only in rare cases majoritic garnets may be attributed to the peridotite paragenesis,
judging from the presence of chromium in them or association with olivine (Taylor
and Anand 2004). As a whole, garnets with significant admixture of the knorringite
(Mg3Cr,Si301,) end-member are typical of the peridotitic assemblage of inclusions
in natural diamonds (Sobolev 1977).

However, the results of experimental studies available, as well as the complex
analysis of the P-T regime in the Earth’s mantle provide physicochemical parameters
of the major phase transitions (Harte et al. 1999; Stachel et al. 2000a, b; Akaogi 2007;
Pushcharovsky and Pushcharovsky 2012). In addition, they illustrate mechanisms
and conditions of isomorphism in relation to the major components of mantle phases,
and provide evidence for the influence of various minor elements on the major phase
transitions (Andrault 2007). It is known that even the lowest concentrations of minor
elements in high-pressure phases may affect significantly on parameters of the major
phase equilibria and on crystallochemical patterns of mantle phases.

In the next section, we provide a brief description related to the chromium incor-
poration of the upper mantle minerals, such as olivine, pyroxenes, chrome spinel, and
garnet (containing the high-pressure components like majorite and knorringite). The
characteristics of some chromium-bearing phases, most likely stable in the transition
zone and lower mantle of the Earth, are considered as well.

2.1 High-Pressure Chromium-Bearing Phases
in the Earth’s Mantle

The major rock-forming minerals of the pyrolytic upper mantle (Ringwood 1966) are
olivine, orthopyroxene, clinopyroxene, and garnet, which are replaced with majoritic
garnet, akimotoite, wadsleyite (3-(Mg,Fe),SiO4), and ringwoodite with the spinel-
type structure (y-(Mg,Fe),SiO,4) in the transition zone. At pressures of >24 GPa,
ringwoodite is decomposed to form ferropericlase and bridgmanite (Mg,Fe)SiO3
with the perovskite-type structure (Liu 1976; Ringwood and Irifune 1988; Ito and
Takahashi 1989; Fei et al. 2004). Among the most important chromium-bearing
phases in the Earth’s upper mantle are chrome spinel, Cr-bearing pyroxene, and
knorringitic garnet, whereas the content of chromium in olivine is very low.

The major host phases for chromium in the transition zone are knorringite-
majoritic garnet (Zou and Irifune 2012), MgCr,O4 with the calcium titanate-type
structure (CaTiO4) (Yamamoto et al. 2009; Wang et al. 2002; Chen et al. 2003),
and (Mg,Fe),Si04 wadsleyite (Ringwood and Major 19664, b) being replaced with
(Mg,Fe),Si0,4 ringwoodite (Ringwood and Major 1970) at higher pressure. As is evi-
dent from the experimental data (Ito and Navrotsky 1985; Ito and Takahashi 1989;
Gasparik 1990; Sawamoto 1987; Yusa et al. 1993), akimotoite (Mg,Fe)SiO3 with the
ilmenite-type structure occurs in the transition zone of the Earth as well.
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Ferropericlase (Mg,Fe)O and (Mg,Fe)SiO3 bridgmanite may be considered as
the host phases for chromium under the lower mantle conditions. CaSiO3 with the
perovskite-type structure, which is not considered in this monograph, is another very
likely host for chromium.

2.1.1 (Mg,Fe)Cr;04 Polymorphs

Chromite (chrome spinel) and its high-pressure polymorphs are the most chromium-
rich phases in the Earth’s mantle.

Chrome spinel shows a negative correlation between the concentrations of Al and
Cr (Fig. 2.3). Spinels from inclusions in diamonds are characterized by very high
contents of magnesiochromite (MgCr,0Oy4), >80 mol% (e.g., Meyer and Boyd 1972;
Sobolev 1977). The concentrations of Cr,O3 and Al,O3 vary within fairly narrow
limits and reach 63-68 and 4-8 wt%, respectively. Chromite from inclusions in
diamonds and garnet peridotite xenoliths basically has a high Cr# (Cr/(Cr + Al) x 100
=86—91 and 80-86%, respectively) (Fig. 2.3) (e.g., Sobolev et al. 1997; Stachel et al.
2003; Davies et al. 2004). The lowest concentration of Cr,O3 (25-38 wt%) is typical
of spinel from spinel peridotite xenoliths in kimberlite and alkaline basalt (Gregoire
et al. 2006; Ionov et al. 2010). Spinel from dunite and harzburgite of ophiolitic
complexes occupies an intermediate position between the minerals in garnet and
spinel peridotite xenoliths. Chromite from harzburgite of ophiolitic complexes has
the lower concentrations of TiO, (up to 0.1 wt%) than those in chromite from dunite
(up to 0.5 wt%).

Chromite from ophiolite complexes is characterized by the highest Cr# (75-82%)
and Mg# (Mg/(Mg + Fe) x 100, up to 77%). They also show moderate TiO, con-
centrations (0.15-0.25 wt%).
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Fig. 2.3 Compositions of chrome spinel from inclusions in diamonds (Davies et al. 2004;
Pokhilenko et al. 2004; Deines and Harris 2004), xenoliths in kimberlite, and ophiolites (e.g.,
Menzies et al. 2004; Aulbach et al. 2004; Gregoire et al. 2006; Zhou et al. 1996)
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The concentration of chromium in Cr-rich spinel has the positive correlation with
both the degree of partial melting and pressure (Dick and Bullen 1984).

Chromite is observed in almost all types of meteorites being the most important
phase concentrating chromium. The concentrations of Cr, Fe, and Mg in chondrites
depend on Mg# in coexisting silicates (olivine and/or orthopyroxene) and oxygen
fugacity. Chromite in the most reduced meteorites (except for enstatite chondrites
and achondrites, in which chromite is not found) is characterized by the highest Mg#
and concentrations of Cr,Os, whereas chromite from the most oxidized types of
meteorites usually shows low concentrations of Cr,O3 and Mg# (Bunch and Olsen
1975).

Most of chromites from meteorites are characterized by a quite high Cr# (>83%)
(Fig. 2.4), whereas those from lunar rocks have a lower Cr# (<80%).

With increasing pressure (P > 20 GPa) chrome spinel adopts the calcium
titanate-type (CaTiO4) structure. Chrome spinel associated with ferropericlase and a
(Mg,Fe)SiO; phase (bridgmanite?) was described in the Pandrea and Juina kimberlite
pipes (Brazil) (Kaminsky et al. 2009). The discovered grains have lower concentra-
tions of chromium (35-55 wt% Cr,03), and higher contents of iron (33-34 wt%
FeO) and titanium (10-11 wt% TiO;) in comparison with chrome spinels included
in upper mantle diamonds.

Mg—Cr-Fe and Ca—Cr oxides (up to 46 wt% Cr, 03, up to 13 wt% FeO) with post-
spinel structures were found in polymineral inclusions in diamond from Rio Soriso
(Brazil) in association with Fe-rich periclase (Kaminsky et al. 2015). In opinion of
the authors, this assemblage formed under lower mantle conditions.

The studied Mg-Cr-Fe oxide has an orthorhombic symme-
try (Kaminsky et al. 2015). The phase with the composition of
(MgO90Mn0~18)El,08 (Cr1‘37Fe3+0_39V0,11Alo_05)21'9204 (Mg# = 70%) is the chem-
ical analog of chrome spinel. The authors compared the diffraction pattern of
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this phase with the patterns of cubic chromite (Chen et al. 2003), as well as
orthorhombic phases with the calcium titanate-type (CaTi,O4, Ct) (Chen et al.
2003) and CaCr,Oq4-type (Horkner and Miiller-Buschbaum 1976) structures.
The diffraction pattern they observed did not match that of cubic chromite;
however, it was not possible to distinguish between the different orthorhombic
structures (Ct or CaCr,Q4). The analogous, iron-dominant mineral with formula
(Feo.57Mg0.13Mno.01)21.01(Cri.62Alo.25Tio.08 Vo.02)£1.0704 (xieite) and with unit-cell
parameters (a = 9.462 A, b = 9.562 A, ¢ = 2.916 A) close to those of the phase
with the calcium titanite-type structure (a = 9.467 A, b = 9.550 A, c =2.905 A)
has been found in the Suizhou meteorite (Chen et al. 2008).

A polymineral inclusion in the lower mantle diamond from
Rio Soriso (Brazil) contains Ca-Cr oxide with the composition of
(CaporMgooMno02) 5., 1, (CriziFe’ 0,06 Vo6 Tio03Alo03) -, goO4-  This  phase
is orthorhombic and its diffraction pattern is similar to that of pure synthetic
CaCr, 04 post-spinel phase (Horkner and Miiller-Buschbaum 1976).

2.1.2 Majoritic and Knorringitic Garnets

Garnet of an essentially knorringite and knorringite—majorite composition is certainly
one of the most chromium-rich phase in the Earth’s mantle.

Garnets are widely abundant as inclusions in natural diamonds and occur in xeno-
liths of garnet peridotite and eclogite in kimberlite. Their study is of special impor-
tance, since the composition of garnet is very sensitive to the P-T conditions of the
formation of mineral assemblages in the Earth’s upper mantle and transition zone.
Garnets included in diamond crystals are often enriched in two high-pressure com-
ponents: majorite (mostly eclogitic assemblages, E-type garnets) and knorringite
(peridotitic or ultrabasic assemblages, P-type garnets).

The composition of E- and P-type garnets, abundant as inclusions in diamonds and
in deep-seated xenoliths including diamondiferous varieties, may be expressed by the
following general formula: {X>*}3[Y**1,(Si);01,, where the distorted eight-fold site
{X} is occupied by divalent cations (mainly Mg, Ca, Fe*, and Mn), the octahedral
site [Y] includes trivalent cations (Al, Cr, Fe?*), and Si occurs in tetrahedra (three
atoms per 12 oxygens). With increasing depth, garnet is progressively enriched in Si
and depleted in Al and Cr due to dissolution of pyroxene components in it.

Such complex solid solutions between cubic garnet, {Mg}3;[Mg,Si]»(S1)3012
and {Ca,Mg};[Mg,Si]»(Si);01, end-members (enstatite MgSiO; and diopside
CaMgSi,O¢ at low pressures, respectively) are traditionally called majoritic gar-
nets. Garnets are attributed to the majoritic type if the concentration of Si exceeds
3 p.f.u. (Gasparik 2002).

Experimental studies of the systems with majoritic garnet unequivocally estab-
lish the relationship of the 2A1**= Mg?* + Si** isomorphism with pressure (Akaogi
and Akimoto 1977; Irifune 1987). Such chemical relationships may also provide
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approximate estimates of the depth of crystallization for diamond crystals with inclu-
sions of such majoritic garnets (e.g., Stachel 2001).

Actually, “majorite” is the mineral with the “pyroxene” composition and garnet
structure (Ringwood and Major 1971); the only find of this mineral on the Earth was
reported in the Zhamanshin astrobleme (Kazakhstan) (Badyukov 1985). Majoritic
garnets were then described as inclusions in diamonds from the Monastery kimberlite
pipe (South Africa) (Moore and Gurney 1985). This find showed that diamonds
could contain asthenospheric and transition zone materials (the concentration of Si
in garnets was 3.43 p.f.u.). Later, majoritic garnets were found in diamonds from
different regions worldwide including Yakutia, Canada, Brazil, and China (Stachel
2001). Garnets included in diamonds from kimberlitic dykes of the Helam Mine
deposit (South Africa) (McKenna et al. 2004) have the highest concentrations of
majorite (3.508-3.534 Si p.f.u.).

In many cases, majoritic garnets contain significant admixture of Cr,O3 (up to a
few wt%), which provides unambiguous evidence for their belonging to the ultraba-
sic paragenesis. The first finds of pyropic garnets with significant concentrations of
chromium were reported during the study of inclusions in diamonds from kimber-
lite pipes of Lesotho and Yakutia (Sobolev and Sobolev 1967; Nixon and Hornung
1968). To describe the composition of high-chromium garnets syngenetic to P-type
diamonds, the Mg—Cr end-member Mg3;Cr,Si30, (Nixon and Hornung 1968) was
named “knorringite” in honor of the famous Russian geologist Oleg von Knorring
(1915-1994).

Oleg von Knorring (1915-1994)
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Chromium-bearing garnets enriched in the knorringitic (Mg3zCr,Si301,) compo-
nent, as well as garnets of the majoritic type, are formed at significant depth in the
diamondiferous assemblages. The characteristic features in the composition of P-type
garnet syngenetic to diamond made possible to distinguish the dunite-harzburgite
paragenesis within the area of diamond stability (Fig. 2.5). The minerals of this par-
agenesis show clear tendency towards lower concentrations of iron and calcium and
higher concentration of chromium (>5 wt% Cr,O3) in comparison with garnets form-
ing inclusions in diamonds of the lherzolite, wehrlite, and eclogite types (Sobolev
etal. 1973). Such garnets are applied in prospecting for productive kimberlite bodies
as a reliable mineralogical criterion of their diamond potential (Griitter et al. 2006).

Garnets having both the high-pressure components (majorite and knorringite) are
of significant interest. Analysis of the composition of chromium-bearing majoritic
garnets included in natural diamonds (Table 2.2) allows us to establish some reg-
ularities clearly observed when the concentrations of Si, Cr, Al are plotted against
pressure (Fig. 2.6a). With increasing pressure, mantle garnets become undersatu-
rated in AI** and Cr**, whereas the concentration of Si in the octahedral site pro-
gressively increases. Compositional peculiarities of the same garnets on the Cr—Si
diagram (Fig. 2.6b) show two major compositional trends: pyrope—majorite and
pyrope—knorringite. At the same time, some analyses of garnets (with the low-
concentration of the pyrope end-member) line up on the diagram in parallel with
the majorite—knorringite trend, which is indicated by a dashed line in the graph. This
peculiarity of natural garnets is of decisive importance in the choice of one of the
systems (Mg4Si4O1,—-Mg3Cr,Si301,) for experimental studies.

CaO, wt %
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Fig. 2.5 Subdivision of garnets of the ultrabasic association (1) into the dunite-harzburgite (Du-
Harz), lherzolite (Lherz), and wehrlite types in comparison with the garnet compositions of the
eclogite (2) association, using data from Sobolev (1977), Meyer (1987), Garanin et al. (1991), and
Taylor and Anand (2004). The compositional fields of garnet from diamonds of the ultrabasic (U)
and eclogitic (E) assemblages in the different deposits worldwide are shown, after Griffin et al.
(1993)
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Table 2.2 Representative analyses of chromium-bearing majoritic garnets from inclusions in nat-
ural diamonds

Sample G303-305 | SI3-30 | Yum-27 | HMO009a | HMO009 | K47
Si0y 40.8 423 42.8 47.44 47.98 39.92
TiO, 0.02 0.06 0.33 0.60 0.60 0.11
AlL O3 7.00 9.46 6.79 10.19 9.71 9.74
FeO 6.73 7.64 5.67 333 3.39 7.73
MnO 0.29 0.33 0.28 0.18 0.2 0.60
MgO 227 21.2 12.2 13.67 13.7 16.97
CaO 1.57 5.11 | 20.8 20.18 20.45 8.14
NaO 0.11 0.01 0.04 0.99 1.00 0.00
Cr203 20.56 12.8 10.2 2.19 2.20 17.47
Total 99.78 98.91 | 99.11 98.77 99.23 100.68
Formula units per 12

oxygens

Si 3.063 3.166 | 3.300 3.508 3.534 3.015
Ti 0.001 0.003 | 0.019 0.033 0.033 0.006
Al 0.619 0.834 | 0.617 0.888 0.843 0.867
Fe 0.422 0478 | 0.365 0.206 0.209 0.488
Mn 0.018 0.021 | 0.018 0.011 0.012 0.038
Mg 2.538 2.364 | 1401 1.506 1.503 1.909
Ca 0.126 0410 | 1.717 1.598 1.613 0.658
Na 0.016 0.001 | 0.006 0.142 0.143 0.000
Cr 1.220 0.757 | 0.621 0.128 0.128 1.043
Total 8.024 8.035 | 8.065 8.021 8.019 8.024

Note G303-305, Birim, West Africa (Stachel and Harris 1997); S13-30, Snap Lake, Slave Craton,
Canada (Pokhilenko et al. 2004); Yum-27, Yubileinaya pipe, Yakutia, Russia (Sobolev et al. 2004);
HMO009a and HM009b, Helam Mine, South Africa (McKenna et al. 2004); K47, Kao kimberlite
pipe, Lesotho (Nixon and Hornung 1968)

It should be noted that majoritic and especially chromium-bearing majoritic gar-
nets were observed only as inclusions in diamonds, but did not occur in mantle
xenoliths, even in their diamondiferous varieties. However, there are finds of mantle
xenoliths, in which garnets contain exsolution textures providing evidence for initial
high-pressure origin of such rocks.

Thus, garnets from peridotite and eclogite xenoliths in kimberlite from South
Africa described by Haggerty and Sautter (1990) and Sautter et al. (1991) contain
pyroxene lamellae oriented along (111) of the host mineral (Fig. 2.7a), which are
assumed to be formed as a result of exsolution of majoritic garnet upon decompres-
sion. The reconstructed composition of the initial garnet shows high Si and Na and
low Al contents indicative of a pressure of ~13 GPa (a depth of ~400 km) (Irifune
1987; Akaogi and Akimoto 1979).

Harte and Cayzer (2007) reported garnet inclusions in diamond crystals from the
Juina province in the San Lois River valley, Brazil. These inclusions are actually
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Fig. 2.6 Compositional peculiarities of chromium-bearing majoritic garnets from inclusions in
natural diamonds (Table 2.2, using the data from reviews (Stachel 2001; Taylor and Anand 2004)).
Solid lines with arrows show the compositional trends of garnet in the pyrope—majorite (a) and
knorringite—majorite (b) series

[Sautter et al., 1991] [Bobrov et al., 2012]
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Fig. 2.7 Examples of garnets with pyroxene exsolution textures (images in transmitting light)

composed of complex intergrowths of garnet and monoclinic pyroxene. Garnet is
characterized by high concentration of silicon (3.06-3.24 Si p.f.u.), but the content
of the majoritic component regularly decreases towards the grain boundary where
majorite-free garnet coexisting with clinopyroxene appears. Such garnet—pyroxene
association for grains with normal silica content is very similar to that observed in
many eclogite xenoliths. This allows us to assume that primarily majoritic garnets
formed at higher depths in the lowermost upper mantle and transition zone and then
underwent exsolution upon uplift to the surface with the formation of the garnet—
clinopyroxene assemblage.
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Spengler et al. (2006) showed examples of garnets with exsolution textures, in
which pyroxene and sometimes olivine grains occur in two situations. In the first case,
grains of orthopyroxene, rarely olivine, are located between garnet grains; in the sec-
ond case, needles of orthorhombic and sometimes monoclinic pyroxenes occur in
garnet grains. The same orientation of pyroxene needles provides evidence for exso-
lution of garnet with decreasing pressure and/or temperature. As it is evident from
calculations (Spengler et al. 2006), the initial majoritic garnet contained ~19 mol%
of majorite (3.19 p.f.u. Si per 12 O atoms), which indicates its crystallization at a
pressure of ~11 GPa (~350 km).

In relation to the origin of high-pressure chromium-bearing phases in the Earth’s
mantle, of special interest are finds of oriented inclusions of chromite, as well as Cr-
rich ilmenite and rutile in garnets. Such inclusions may be interpreted by decompres-
sional exsolution of chromium-rich garnets. Oriented inclusions of ilmenite, chrome
spinel, and rutile were originally described in garnets from the Mir and Udachnaya
kimberlitic pipes (Yakutia, Russia) (Lazko 1979). Characteristically, chrome spinel
inclusions of such type from heavy fraction of the Udachnaya pipe contain 50-55 wt%
CI‘203.

Alifirova et al. (2012) studied garnets in mantle xenoliths from the Mir,
Udachnaya, and Obnazhennaya pipes containing intergrowths of spinel, ilmenite,
rutile (all minerals contain admixture of chromium), and chromite (Fig. 2.8). All
inclusions are parallel to (110) of host minerals and intersect in rhombododecahe-
dral planes. Thus, it may be suggested that in this case we deal with exsolution
textures in primarily high-pressure chromium-bearing garnets as well.

Bobrov et al. (2012) studied three pyrope-rich garnet megacrysts with numer-
ous inclusions of monoclinic pyroxene and olivine oriented along (110) of garnet
from the Mir kimberlite pipe (Yakutia) (Fig. 2.7b). Garnets are characterized by a
moderate concentration of CaO (4.5-5.8 wt%) and relatively low concentration of
Cr,03 (up to 0.59 wt%), which corresponds to garnet of the lherzolitic paragene-
sis (Garanin et al. 1991). The calculated initial composition of garnets shows that
the concentration of Si exceeds 3 p.f.u., and since the minerals contain admixture

Fig. 2.8 Chromite and rutile oriented inclusions in garnet from peridotite xenoliths of the Mir pipe
(Yakutia, Russia) (Alifirova et al. 2012)
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of sodium, their primary composition corresponds to sodium-rich majorite. It was
established that such garnets formed at pressures of >7.5 GPa, which correspond to a
depth of >250 km. Incorporation of Ni in pyroxene lamellae and extremely high NiO
concentration in olivine (up to 2.8 wt%) allowed the authors to suggest a high Ni
content in the reconstructed composition of garnet, which, in turn, indicated a high
temperatures of crystallization of primary majoritic garnets (~1500 °C). Subsequent
decrease in pressure resulted in exsolution of garnets. The estimated P-T parame-
ters of decompressional decomposition of garnet obtained using the methodology of
Nikitina (1993), were 2.3-3.2 GPa and 820-880 °C.

The similar majoritic garnets (including chromium-rich) subjected to decompres-
sional exsolution with the formation of pyroxene lamellae were found in rocks of
different UHP metamorphic complexes worldwide (Van Roermund et al. 2001; Song
et al. 2004; Zhang and Liou 2003; Scambelluri et al. 2008).

2.1.3 Clinopyroxenes

Clinopyroxenes from inclusions in diamonds and mantle xenoliths of the peri-
dotitic assemblage are characterized by a high concentration of chromium (up to
3.2 wt% Cr,03), moderate concentration of aluminum (0.63-3.52 wt% Al,03),
and low concentration of titanium (up to 0.4 wt% TiO;) (Sobolev 1977).
The high chromium content in the monoclinic pyroxene determines its name,
chrome diopside. Figure 2.9b shows that there are two mechanisms of chromium
incorporation in monoclinic pyroxene. At high concentrations of aluminum and low
contents of chromium and sodium, all sodium is consumed to form the jadeite com-
ponent (NaAlSi,Og). As aresult, its content in clinopyroxene increases significantly
against the background of a slight increase in the concentration of chromium in the
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Fig. 2.9 Compositional peculiarities of pyroxenes from inclusions in diamonds and mantle xeno-
liths (Sobolev 1977; Bulanova et al. 1993; Aulbach et al. 2004; Davies et al. 2004; Phillips et al.
2004; Promprated et al. 2004). Solid lines show the compositional trends of pyroxenes; dashed line
indicates the kosmochlor character of isomorphism
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form of Cr analogues of Tschermak’s molecules (CaCrAlSiOg and MgCrAlSiOg).
Pyroxenes with the highest concentrations of Cr,O3 and Na,O and quite low concen-
trations of Al,Oj3 are characterized by a different substitution mechanism: 2V'Mg?*
= VINa*+VICr**, with the formation of the kosmochlor component (NaCrSi,Og).

The maximal concentrations of Cr,O3 (up to 7.3 wt%) were found in chrome diop-
sides from diamondiferous xenoliths and clinopyroxene intergrowths with diamonds
(Bulanova et al. 1993). They are characterized by high concentrations of Al,O3 (up
to 6.5 wt%) and Na, O (up to 8.4 wt%) as well.

Monoclinic pyroxenes of the eclogite paragenesis show high concentrations of
Al,O3 (up to 14 wt%) and Na,O (up to 7 wt%), as well as low Mg# (65-86%). The
concentrations of Cr,O3 do not exceed 0.2 wt% (Fig. 2.9).

2.1.4 Olivine and Its Polymorphs

As it is known, phases with the composition of (Mg,Fe),SiO4 (forsterite—wads-
leyite-ringwoodite) are widely abundant in the Earth’s mantle.

Octahedral, trivalent chromium was originally discovered in olivine megacrysts
with inclusions of high-Cr low-Ca garnet from the Udachnaya pipe (Matsyuk et al.
1985). Registration of trivalent chromium impurity in olivine, rather the incorpora-
tion of divalent chromium, as considered above (Burns 1975), is the radically new
fact in the study of olivine crystal chemistry. The concentration of Cr,O3 in mantle
olivine associated with orthopyroxene and/or garnet is low and reaches only 0.2 wt%
(Sobolev et al. 2004; Phillips et al. 2004). Olivine coexisting with chromite is some-
times characterized by extremely high concentrations of chromium (up to 1.10 wt%
Cr,03) (Phillips et al. 2004).

The primary deep genesis of high-pressure (Mg,Fe),Si0,4 polymorphs (wadsleyite
and ringwoodite) is not often directly supported owing to decompressional structural
transformations.

The fact that a mineral belongs to an ultrabasic association of the lower mantle
of the Earth is determined by its intergrowths with ferropericlase and bridgmanite,
as well as by the high concentrations of Al and Cr admixtures. Thus, a mineral
phase with the olivine composition was found in diamonds from placers of the Juina
area (Brazil), closely associated with ferropericlase and bridgmanite (Wilding et al.
1991; Hayman et al. 2005; Kaminsky et al. 2001). These grains show wide variations
in Mg# and moderate concentrations of Cr,O3 (up to 0.24 wt%) (Table 2.3). In
addition, this “olivine” phase was characterized by low concentrations of Ni, which
may be explained by its coexistence with ferropericlase (e.g., Kaminsky et al. 2001;
Hayman et al. 2005). These authors interpret the formation of this phase by retrograde
transformation of a high-pressure mineral, most likely ringwoodite. The Mg,SiO4
phase having the higher concentration of chromium (0.36 wt% Cr,03) (Table 2.3)
was described as an intergrowth with ferropericlase in diamond from placer of the
Kankan area (Guinea) (Stachel et al. 2000b). Micron- and submicron-sized exsolution
textures of spinel and high concentrations of Al,O3 (0.39 wt%) and Cr,Oj3 in olivine
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Table 2.3 Representative compositions of chromium-bearing mantle phases from inclusions in
natural diamonds

Sample KK-109 5-54 SL-13 BZ210 VR16320 5-5
Phase “or” “or Brd Brd Per Per
SiOz 40.23 40.4 39.10 51.41 0.03 0.01
TiO; 0.01 0.03 5.33 0.02 0.03 0.03
Al,O3 0.39 0.03 18.30 10.04 0.09 0.25
FeO 4.59 11.84 8.85 5.14 24.9 34.96
MnO 0.12 0.36 0.18 0.93 0.38 0.71
MgO 53.96 47.01 24.81 30.21 70.5 59.08
CaO 0.03 0.03 0.01 0.65 0.06 0.03
Na,O 0.03 0.04 0.06 1.05 1.14
K,0 0.01 0.04 0.77 0.04
NiO 0.28 0.14 0.02 0.33 0.5
Cry03 0.36 0.24 1.33 1.19 2.56 2.26
Total 100.01 100.16 97.99 100.66 97.1 99.01
Formula units per n oxygens

N 4 4 3 3 1 1

Si 0.968 1.000 0.712 0.887 0.000 0.000
Ti 0.000 0.001 0.073 0.000 0.000 0.000
Al 0.011 0.001 0.393 0.204 0.001 0.002
Fe 0.092 0.245 0.135 0.074 0.160 0.238
Mn 0.002 0.008 0.003 0.014 0.002 0.005
Mg 1.935 1.733 0.673 0.777 0.806 0.718
Ca 0.001 0.001 0.000 0.012 0.000 0.000
Na 0.001 0.002 0.002 0.035 0.000 0.018
K 0.000 0.001 0.000 0.000 0.008 0.000
Ni 0.005 0.003 0.000 0.000 0.001 0.002
Cr 0.007 0.005 0.019 0.016 0.016 0.015
Total 3.023 2.998 2.010 2.020 0.995 0.999

Note “OI”, phase of the olivine composition. KK-109 and KK-44, placer of the Kankan area
(Guinea) (Stachel et al. 2000b); 5-54 and 5-5, Juina area (Brazil) (Kaminsky et al. 2001); SL-13
and BZ210, San Luis (Brazil) (Harte et al. 1999; Zedgenizov et al. 2015); VR16320, DO27 pipe
(Canada) (Davies et al. 2004)
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provided evidence for the lower mantle conditions of the origin of ferropericlase
and bridgmanite, which formed an association of ferropericlase + ringwoodite upon
decompression (Stachel et al. 2000b).

The most chromium-rich phases with the composition of olivine (presumably
former ringwoodite, judging from the octahedral crystal habit (Robinson et al.
2004; Griffin et al. 2016) were described in ultrahigh-pressure podiform chromi-
tites from ophiolites of Tibet (South China). The concentrations of Cr,O3 in them
reach 1.49 wt% (Liang et al. 2014). Among extraterrestrial rocks, Cr-bearing
(Mg,Fe),Si04 ringwoodite was found in the Tenham meteorite (Binns 1970). In
addition to meteorites, to date ringwoodite was only registered in impact pumice of
El Gasco (Estremadura, Spain) (Diaz-Martinez et al. 2001; Glazovskaya and Trubkin
2005) and as rare inclusion in super-deep diamonds (Pearson et al. 2014).

The data on mineralogy of the deep Earth may be obtained not only in studies of
inclusions in diamonds, but from exsolution textures in deep minerals. For example,
peridotite of the Alpe Arami massif (Switzerland) contain olivines with acicular
chromite and ilmenite inclusions, which were most likely formed as a result of
exsolution of chromium-rich wadsleyite crystallized in the transition zone of the
Earth at a pressure of 10-15 GPa (300-450 km) (Dobrzhinetskaya et al. 1996). The
authors report that olivine contains ~0.25 vol.% of chromite lamellae and ~1 wt%
of ilmenite lamellae, which corresponds to ~0.2 wt% Cr,O3 and ~0.6 wt% TiO, in
primary wadsleyite (Mg,Fe),SiOy.

Zhang et al. (1999) discovered olivines with exsolution textures of chromium-rich
magnetite in ultrabasic rocks of the Dabie—Sulu ultrahigh-pressure complex (Central
China). The authors suggest that these inclusions were formed by decomposition of
the Cr-Fe;04—(Fe,Mg),Si04 solid solution with decreasing pressure. In opinion of
the authors, primary Cr—Fe wadsleyite was formed at a pressure of >13 GPa (Zhang
et al. 1999).

Cr-bearing wadsleyite was registered in the Peace River meteorite crater as well
(Price et al. 1983).

2.1.5 High-Pressure (Mg,Fe)SiO3 Polymorphs

Orthorhombic pyroxenes from inclusions in diamonds and mantle xenoliths have low
total admixtures of trivalent cations (i.e., Al and Cr). The concentration of chromium
in these pyroxenes does not exceed 1 wt% Cr,03; the concentration of aluminum
reaches 3.5 wt% Al,Os;. It was discovered that chromium may enter the structure of
magnesium-rich pyroxene by the “jadeite” substitution scheme: 2¥"Mg>* = VINa*
+ VI(AL,Cr)** (Bulanova et al. 1993).

Probability of this scheme is supported by very low concentrations of aluminum
and chromium, as well as by the positive correlation between Na and Cr + Al. Based
on these observations, Sobolev (1977) originally suggested that Cr** is incorporated
in high-pressure orthorhombic pyroxenes via the “jadeitic” mechanism.
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Cr** may enter the composition of orthopyroxenes as an analog of the Tschermak’s
molecule (MgCrAlSiOg) via the following substitution scheme: YIMg?*+!VSi* =
VIC+ 4V A3* . In addition, we may consider the scheme of heterovalent isomor-
phism like VIMg?*+!VSi** = VICr**+ IVCr3*, in which Cr occupies both octahedral
(substituting for Mg) and tetrahedral (substituting for Si) sites, by analogy with the
orthocorundum (AlAlO3) pyroxene component (Berman and Aranovich 1996).

(Mg,Fe)SiO; phases under the conditions of the Earth’s transition zone and
lower mantle may crystallize with the ilmenite- or perovskite-type structures. Natural
(Mg,Fe)SiO; ilmenite (akimotoite) has been not reported yet for mantle conditions.
Most likely, this may be explained by the fact that the field of akimotoite stabil-
ity is quite narrow, and this phase is formed in relatively cold zones of the mantle.
(Mg,Fe)Si0; akimotoite with up to 0.5 wt% Cr, O3 was found in several meteorites
(Tomioka and Fujino 1997, 1999; Sharp et al. 1997; Kimura et al. 2004; Xie and
Sharp 2004; Ohtani et al. 2004).

(Mg,Fe)Si0O3 with the perovskite-type structure (bridgmanite) was found in mete-
orites as well (Tomioka and Fujino 1997; Sharp et al. 1997).

The phase (Mg,Fe,Al)(Si,Al)O3 named ‘high-pressure enstatite’ was originally
described under mantle conditions in association with ferropericlase as inclusions
in diamonds from the Koffiefontein kimberlite pipe (South Africa) (Scott Smith
et al. 1984; Moore et al. 1986). It is important that such paragenesis (MgSiOz +
(Mg,Fe)O) is “forbidden” under the upper-mantle conditions. These phases may be
formed syngenetically in the Earth’s lower mantle as an association of bridgmanite
and ferropericlase.

The number of such finds increased significantly from the end of past century.
Lower-mantle (Mg,Fe)SiO; bridgmanites were registered in diamonds from San
Luis (Brazil) (Harte et al. 1999; Wilding 1990), Kankan (Guinea) placers and in
kimberlite rocks from pipes of the Slave province (Canada) (Stachel et al. 2000b,
2002; Davies et al. 2004). These phases often contain admixture of chromium (up to
0.39 wt% Cr,03), and the maximal concentration of Cr, O3 (1.33 wt%) was registered
in high-Al bridgmanite from Brazilian diamond SL-13 (Table 2.3).

It is established that under lower-mantle conditions iron-rich bridgmanite
(Fe,Mg)SiO; is not stable and decomposes to form an association of MgSiO3 (Brd)
+ FeO + SiO,. Such transformation was supported experimentally only for iron-
rich systems (Stachel et al. 2000b). This reaction may explain the predomination of
high-Mg (Mg,Fe)SiO3 bridgmanites (Mg# = 88 — 96) and Fe-rich ferropericlase
(Fe,Mg)O in the lower mantle.

2.1.6 Other Chromium-Bearing Phases in the Earth’s Mantle

Ferropericlase (Mg,Fe)O (fPer) or magnesiowiistite (Fe,Mg)O associated and some-
times intergrown with (Mg,Fe)SiO3 bridgmanite and (Mg,Fe),Si0,4 polymorphs, are
among the most abundant minerals of the ultrabasic assemblage in the Earth’s mantle
(Liu 1975). Ferropericlase in association with a phase with olivine composition was
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registered in inclusions in diamonds from placers of the Kankan and Juina areas
(Brazil) (Table 2.3). In addition, single ferropericlase inclusions (not associated with
silicates) were found in diamonds from several regions worldwide; however, these
finds cannot provide evidence for the lower-mantle origin of host diamonds. As it
was shown by Stachel et al. (2000), ferropericlase could be found as inclusions in
upper-mantle diamonds as well if the activity of Si was quite low. In contrast to
monomineral ferropericlase inclusions, the close association of ferropericlase and
enstatite (former MgSiOs bridgmanite) discovered in diamonds from the Koffie-
fontein pipe indicates belonging of these diamonds to the lower-mantle association
(Scott Smith et al. 1984). Based on these data, some authors (Wilding 1990; Harte
and Harris 1994) identified a similar lower-mantle associations in diamonds from
the San Luis area (Brazil).

In addition to Ni, Mn, and Na, chromium is one of the most important minor
components in the composition of ferropericlase. It is considered that the high con-
centrations of Na and Cr in ferropericlase are reliable indicators of the lower-mantle
origin of ferropericlase (Kesson and Gerald 1992). The concentration of Cr,O3 in
ferropericlase from inclusions in diamonds from the San Luis area (Brazil) reaches
2.56 wt%. fPer (Harte et al. 1999; Wilding 1990), 0.76 wt%, in diamonds from the
Kankan area (Stachel et al. 2000b) and from kimberlite of the Slave Craton (Canada)
(Tappert et al. 2005; Davies et al. 2004).

We should also mention the only find of eskolaite (Cr,O3) in association with
magnesiochromite as inclusions in octahedral diamond from the Udachnaya pipe
(Logvinova et al. 2008). In contrast to eskolaite from low-pressure skarn associations
in Finland (Kouvo and Vuorelainen 1958), high-pressure eskolaite from inclusion
in diamond contains up to 4 wt% TiO,, which may be an indicator of pressure. In
addition, the mantle origin of eskolaite is supported by inclusion of magnesiochromite
in it with the composition typical of that of mantle chromites from inclusions in
diamonds. Logvinova et al. (2008) inferred a formation at a pressure of 7 GPa (a
depth of ~210 km) and suggested that the crystallochemical parameters of eskolaite
may be applied for estimation of the conditions of its formation.

2.2 Cr-Rich Rocks and Mechanisms of Cr Concentration
in the Earth’s Mantle

Chrome is a lithophile element, and in the processes of partial melting, it is accumu-
lated in chrome-spinel or monoclinic pyroxene rather than in melt within the Earth’s
upper mantle. Being stable in the mantle, these phases are not typical of the crustal
conditions; therefore, the concentration of Cr in the crust does not exceed 100 ppm.
Chromite (Fe,Mg)(Cr,Al);O4 containing up to ~55 wt% Cr,0O3 is the major ore
mineral of chromium and is an accessory mineral in many ultramafic rocks. Chromi-
tite forms Cr-rich ore bodies, in which the content of chromite exceeds 30 vol.%;
this results in local increase in the chromium concentration in the Earth’s mantle.
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Most of the world resources of chromite ores occur in original (primary) deposits;
others form placers and laterite crusts of weathering. The problems relevant to the
origin and setting of chromitite are very important for understanding of the deep
structure of the Earth and evolution of its mantle and crust, because chromite car-
ries information on the processes of partial melting in the mantle. In this regard,
it is appropriate to consider the largest chromite deposits and the models of their
formation.

It has been established that about 95% of reserves and 90% of resources are
accounted for only three countries in the world, in which unique deposits are
located: Bushveld in South Africa, Kempirsai in Kazakhstan, and the Great Dyke in
Zimbabwe. According to the conditions of the origin and morphology of ore bodies,
the chromitite deposits are subdivided into the stratiform chromitite deposits in large
stratified mafic—ultramafic intrusions and the podiform deposits in ophiolites.

The stratiform chromitite deposits are located within the ancient continental
cratons: on the Baltic Shield (Monchepluton and Bolshaya Varaka Complexes in
Russia), in North America (Stillwater Complex in the United States), in South Africa
(Bushveld in South Africa and Great Dyke in Zimbabwe), e.g., (Prendergast et al.
1989). In this type of deposits, chromitites are hosted by the layered intrusions of
gabbro—chromitite composition containing a wide compositional variety of rocks
from dunite and harzburgite to gabbronorite and anorthosite. The ore layers are
stretched for great distances and lie in the lower part of the intrusive bodies. The
typical mineral association includes chrome-spinel, olivine, augite, and bronzite.

Despite the complexity of the layered intrusions, the general mineralogical
sequence of their crystallization follows the Bowen’s reaction series and exper-
imentally determined phase relations during progressive crystallization of mafic
magma (Ridley 2013). The typical sequence of mineral crystallization is the fol-
lowing: olivine, chromite (with ~1% of modal content in the lower layers), orthopy-
roxene, plagioclase, and clinopyroxene. Crystallization proceeds at a relatively low
depth, which is evident from the presence of the equilibrium association of olivine
+ plagioclase.

The concentration of Cr,O3 ranges from 30% in Brazilian deposits to 45-50%
in the Bushveld Complex. Chromite ores in these deposits usually occur within
the cumulate series as thin layers with a thickness from tens centimeters to ~1 m.
Ore-forming chromite is characterized by a relatively low chromium content and
associates with such intercumulus phases as olivine, plagioclase, orthopyroxene, or
secondary hydrous minerals formed after olivine (serpentine) and bronzite (talc).

A number of different chemical and physical processes are considered to explain
accumulation of chromite and the formation of chromitite bodies in layered intru-
sions. It is generally accepted that stratiform chromitites are formed as a result of
crystallization differentiation of magma in intrusions on ancient platforms (Stowe
1994). Differential settling of chromitite, due to its higher density, results in the for-
mation of layering in the magmatic chamber. Mass crystallization of chromite drives
the composition of magma back to the olivine—chromite or orthopyroxene—chromite
cotectic (Irvine 1977), so that olivine and chromite would crystallize as intercumulus
phases within the chromitite layer. The presence of multiple chromitite layers within
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the cumulate sequences may be interpreted by (1) repeated episodes of input of new
magma portions almost of a similar composition and/or (2) periodic oxidation of
magma controlled by addition of water, which should give rise to short periods of
chromite settling (Ridley 2013).

The podiform chromitite deposits are spatially controlled by ophiolites of differ-
ent ages and occur in the Urals (Russia), in China, Mongolia, Iran, etc. The huge
resources of Cr in chromitite ores are hosted by the Kempirsai massif (South Urals,
Kazakhstan) (Melcher et al. 1999; Distler et al. 2008), and complexes of New Caledo-
nia (LeBlanc and Nicolas 1992). The main unsolved question concerning podiform
chromitites (Gonzalez-Jiménez et al. 2014) is how can chromium, a minor element
in mantle peridotite and their derived partial melts, be concentrated to produce large
bodies of massive chromitite.

Chromite bodies in ophiolite are characterized by different morphologies: irregu-
lar, lens-like, with sharp angular boundaries, and dyke-like. In most cases chromitites
are separated from harzburgite by a dunite shell.

Chromites show significant compositional variations: from high-Cr to Al-rich.
The podiform chromitites were interpreted as the products of reactional interaction
of primitive mantle melts with restitic mantle peridotite (harzburgite) with further
mixing of magmas of different compositions under the conditions of the upper mantle
(Noller and Carter 1986; Arai and Yurimoto 1994; Zhou and Robinson 1994; Arai
1997). This process is characterized by incongruent dissolution of orthopyroxene,
which is accompanied by removal of this mineral from peridotite with the formation
of secondary dunite and melt enriched in silicon and chromium. Further mixing of
such melt with primitive mantle melt would result in precipitation and accumulation
of chromite crystals (Zhou et al. 1996). Such chromites sometimes contain inclusions
of Na-rich pargasite, phlogopite, and pyroxenes (Augé 1987; Lorand and Ceuleneer
1989; Borisova et al. 2012), which provides evidence for the low-pressure character
of the ore formation (Kushiro 1969).

However, podiform chromitites often contain ultrahigh-pressure minerals, such
as diamond (Robinson et al. 2004; Yang et al. 2007), coesite (Yang et al. 2007;
Yamamoto et al. 2009), stishovite (Yang et al. 2007), and ringwoodite (Robinson
et al. 2004; Bindi et al. 2018). Ultrahigh-pressure chromitites may be formed as a
result of deep transformation of low-pressure chromitite upon the mantle convection.
Such conclusion was made after the discovery of the structural and textural patterns
generally typical of the low-pressure conditions in ultrahigh-pressure rocks (Arai
2013).

As it was mentioned above, knorringitic garnet is the major mineral host for
chromium within the depth facies of garnet peridotite. Therefore, the concentra-
tion of chromium in diamond-bearing rocks of the dunite-harzburgite association
(Sobolev 1977) may be several times higher than the bulk concentration of chromium
in the Earth’s mantle. It was established that garnets with the highest contents of the
knorringite end-member could crystallize only in the substrate (protolith) with high
Cr/Al ratio (Kesson and Ringwood 1989; Canil and Wei 1992; Stachel et al. 1998).
Such a protolith may be formed as a residue from partial melting in the area of
stability of spinel peridotite, and high-Cr garnets crystallize in such substrate upon
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subduction into the garnet stability field (Bulatov et al. 1991; Stachel et al. 1998).
In particular, such mechanism is suggested for diamond-bearing garnet harzburgite
with high-Cr low-Ca garnet. However, the described model requires a quantitative
experimental approval.
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Chapter 3 ®
Experimental Study of Cr-Bearing oo
Phases at High Pressures

3.1 Experimental and Analytical Techniques

Experimental studies of the systems Mg4SisO,—-Mg3Cr,Si30;; and
Mg,Si04-MgCr,04 (MgO-SiO,—Cr,03) were carried out on a Kawai-type
multi-anvil apparatus at the Geodynamic Research Center, Ehime University
(Matsuyama, Japan) and at the Bayerisches Geoinstitut, University of Bayreuth
(Bayreuth, Germany) at P = 10-24 GPa and T = 1600 °C. Experiments on the
study of the influence of the low aluminum concentrations on the conditions of
crystallization and composition of majorite—knorringite garnets in the system
Mg4Si4012—Mg3CI‘QSi3012 (MgO—SiOQ—CI‘203 + A1203) at P =7 GPa and T
= 1500-1700 °C were performed on a toroidal (“anvil-with-hole”) high-pressure
apparatus at the Vernadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences. The composition of mineral phases synthesized in
the runs was analyzed using the electron microprobe, Raman spectroscopy, and
single-crystal X-ray diffraction.

3.1.1 Multi-anvil Apparatus

The high-pressure octahedral cell in the multi-anvil apparatus is compressed by eight
tungsten carbide cubic anvils with 4.0- and 2.5-mm truncation edge length applied
as the second-stage anvils of the high-pressure apparatus (Sirotkina et al. 2015). The
high-pressure “split-sphere” multi-anvil apparatus is equipped with a 5000 t multi-
anvil hydraulic press compressing two guide blocks. Each guide block consists of
three external steel anvils separated by three supporting wedges along the outer
circumference. The external anvils determine the size and cubic configuration of the
volume subsequently compressed with eight internal anvils.

A tubular LaCrO; heater was inserted into a semi-sintered octahedron (MgO +
17 wt% CoO) of 8.0-10.0 and 8.0 mm in edge length (Fig. 3.1). Pyrophyllite gaskets
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Fig. 3.1 The sample
assembly of the Kawai-type
apparatus used in our
experimental studies
(Sirotkina et al. 2015): (1)
semisintered 8 mm edged
(Mg,Co)O octahedron; (2)
LaCrOs tubular heater; (3)
starting material (sample);
(4) platinum capsule; (5) Mo
electrodes; (6) Mo discs; (7) @
Wy7Re3—W75Rezs

thermocouple; (8) ZrO;

plugs

3.5 mm

with a width of 4 mm were used as the deformed hardening closing compressing
volume. The samples (two in each cell assembly) were loaded into platinum capsules
isolated from the heater by an MgO insulator.

Temperature and pressure measurement. The temperature was measured using
a Wy7Re;—W7sRe,s thermocouple with a hot junction positioned in the central part
of the heater. Thermocouple was insulated with a BN tube. Thermocouple cold ends
were connected to the automatic control unit. The temperature measurement accuracy
was 10 °C. The press load was selected in accordance with the calibration shown
in Fig. 3.2.

for 10/4 cell assembly
20+
i GaAs 18.7
15— ZnS 15.6
o]
e L
Q
10 -
S L
0 | | | | | !
0 200 400 600 800

Force, tons

Fig. 3.2 Calibration of the pressure in the cell assembly against the load (oil pressure) of the press
based on the pressure fixed points (Irifune et al. 2004; Zou and Irifune 2012)
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Phase transitions in the pressure fixed points were diagnosed using Raman spec-
troscopy. Pressure values at room temperature were calibrated against the load (oil
pressure) of the press based on the pressure fixed points (Fig. 3.2): Bi I-II transition
at 2.55 GPa, Bi III-V transition at 7.7 GPa and semiconductor-metal transitions of
ZnS at 15.5 GPa and GaAs at 18.3 GPa (Irifune et al. 2004; Zou and Irifune 2012).
The effect of temperature on pressure was further corrected using the a—f and f—y
phase transitions in Mg,SiO4 (Katsura and Ito 1989). As a result, run pressure was
controlled to 0.5 GPa (Irifune et al. 1991).

Starting materials and experiment. The starting materials were prepared
for the majorite (Mg4SisOjy)-knorringite (Mg3zCr,Si301;,), magnesiochromite
(MgCr,Oq4)—forsterite  (Mg,Si0O4) and majorite  (Mg4SiyOj;)—knorringite
Mg3Cr,S1301,)-pyrope (Mg3Al,Si301,) systems corresponding to the following
compositions: KnroMajio, KnrosMajos, KnripMajog, KnrisMajgs, KnrigMajq,
KnrsoMajsy, KnreoMajs, KnrioMajso, KnrooMajig, KnrigoMajo, MChrigFog,
MChr30F070, MChr40Fo60, MChr50F050, MChrgoF()zo, PrpsKnr47_5Maj47_5,
PrpoKnrqsMajys, and PrpyyKnrygMajy. Very fine powders (particle size <100 nm)
of MgO, Si0;, Al,O3, and Cr,03 (a purity is 99.99%) were homogenized at room
temperature using ethanol and agate mortar. Then, the prepared mixtures were
dried at 100 °C for 24 h and enclosed in a Pt capsule. The use of fine-grained
oxides helps to enhance chemical reactions in HP-HT runs, as demonstrated by
Zou and Irifune (2012). The sample was pressurized at ambient temperature to
10-24 GPa. Subsequently, the charge was heated to the desired temperature. The
duration of each run was 3-5 h, which is long enough for attaining chemical
equilibrium between coexisting phases. After run, the sample was rapidly quenched
to ambient temperature by switching off a power supply with a quench rate of
200 °C/s. Then, the apparatus was decompressed, and the cell assembly with the
sample was removed from anvils. Each run sample was divided into several pieces
for microprobe analysis and XRD measurements.

3.1.2 Toroidal (“Anvil-with-Hole’) Apparatus

The experimental study was performed at a pressure of 7.0 GPa and temperatures of
1500-1700 °C on a toroidal “anvil-with-hole” apparatus NL-13T at the Institute of
Geochemistry and Analytical Chemistry, Russian Academy of Sciences. The appa-
ratus is a modification of the Bridgman-anvil type high-pressure apparatus (Litvin
1991).

The “anvil-with-hole” apparatus contains two identical coaxial hard-alloy anvils
(tungsten carbide). This allows us to attain pressures of up to 10 GPa. To increase
the efficiency, anvils are fastened with a set of steel rings pressed against each other.
Cooling of the working matrices proceeds through the nozzle by supplying a flow of
cooled water to the gap between the blocks supporting the working matrix and the
base plate. A specially constructed cell assembly is placed between anvils, so that
the closing layer is formed between the edges of anvils upon complete loading. This
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layer prevents “leakage” of the sample and provides the stable lithostatic pressure in
the cell assembly (Fig. 3.3).

A cell assembly is shown in Fig. 3.4. Solid-state cells of a 30-mm outer diame-
ter were manufactured from the lithographic limestone (Algeti Mine, Georgia) and
contained ultra-pure graphite heater of a 7-mm outer diameter and with a length
of 7.5 mm. The heater had a hole with a 2.5 mm diameter and a 2.5 mm depth in
the center of the cell, in which experimental starting materials were loaded. After
pressurization, the sample volume was reduced to ~1.5 mm?.

Temperature and pressure measurement. A special series of calibration exper-
iments were performed, which made possible to achieve the highest accuracy in
temperature and pressure estimations. The pressure was produced by the uniaxial
compression of the upper and lower anvils and calibrated against the phase transi-
tion points of Bi at 2.55 GPa (Bi I-Bi II), 2.7 GPa (Bi II-Bi III) and 7.7 GPa (Bi
III-Bi V), at room temperature (Homan 1975). The pressure was corrected for the
high temperature with the diamond—graphite curve (Kennedy and Kennedy 1976)

1 2 3 4 5

NZ L L i
6

Ak
7 8

Fig.3.3 Scheme of the high-pressure camera. (1) Nozzle of the cooling system; (2) rings supporting
an anvil; (3) anvil; (4) reaction volume; (5) mounting; (6) system of mounting support; (7) hardening;
(8) case (Litvin 1991)

7 mm

Fig. 3.4 The cell assembly of the toroidal “anvil-with-hole” apparatus used in our experimental
studies (Sirotkina et al. 2016): (1) cell (pressed carbonate or lithographic limestone); (2) C (graphite)
heater; (3) sample; (4) Pt—Rh thermocouple in an Al,O3 sleeve
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Fig. 3.5 Pressure calibration curve in the cell assembly (GPa) against the oil pressure (tons)

using growth/dissolution of diamond seeds in carbon-oversaturated multicomponent
carbonate melts (Spivak and Litvin 2004). The pressure calibration curve is shown
in Fig. 3.5.

The temperature was monitored (within =10 °C) by the heating-power supply
calibrated against Pt;oRhso/Pto4Rhg thermocouples, and the distribution of temper-
ature in the sample was close to isothermal because of its small size. This provided
a homogeneous composition of the phases in subsolidus experiments and a uniform
crystal-melt distribution in the samples molten close to the liquidus boundary. The
results of calibration of cells with a graphite heater (diameter 7/0) are shown in
Fig. 3.6.

3.1.3 Analytical Procedures

Run products were subjected to visual examinations for homogeneity by using a
binocular microscope. Each sample was divided into several pieces for examination
in reflective light, microprobe analysis, and XRD measurements. One/two pieces of
each sample were embedded in epoxy and polished. The experimental products were
studied on a scanning electron microscope Jeol JSM-6480LV (Japan) equipped with
an INCA Energy-350 energy-dispersive analyser and an INCA Wave-500 wavelength
diffraction spectrometer (Oxford Instrument Ltd., United Kingdom). Microprobe
analyses were performed at an accelerating voltage of 20 kV, a beam current of 10
nA, and a beam diameter of 3 pwm.

No normalization procedure was applied. Compositions of the phases in each run
were determined from the average of 3—7 analyses. The chemical formulae were
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Fig. 3.6 Temperature calibration against the electric power at a pressure of 7 GPa for the cell
assembly 7/0. The thermocouple Pt7oRh30/PtgsRhg with a diameter of 0.5 mm was applied

calculated on the basis of a specified number of oxygen atoms. No significant differ-
ences in sample textures and mineral compositions were observed for the runs with
different durations; this confirms that the chemical equilibrium was achieved in our
runs.

The modal proportions of minerals in the samples were estimated using the CT-An
software from BSE images.

Raman spectroscopy. Raman spectra were recorded from polished surfaces of
crystalline samples (mostly garnets) produced at 12—-16 GPa. The main goal of the
research was to obtain Raman spectra for knorringitic garnet, since such data were
not available in literature.

The Lab Ram system (Micro-Raman RENISHAW) with a He—Nd-laser (an exci-
tation wavelength of 532 nm) was used for the collection of the Raman spectra. The
laser power was controlled by a series of density filters. The lateral and depth resolu-
tions were ~2 and 5 pum, respectively. The system was calibrated using the 520.6 cm ™!
Raman band of Si prior to the experimental session. The spectra were collected with
multiple acquisitions (2—-6) with single counting times ranging between 20 and 180 s.
The spectra were recorded using the LabSpec 5 software from 150 to 1750 cm™!.
The studies were performed at the Geodynamics Research Center, Ehime University
(Matsuyama, Japan) and Bayerisches Geoinstitut (Bayreuth, Germany).

Crystal-structure refinement. Small crystals of the studied phases (garnet, aki-
motoite, bridgmanite, MgCr, O4 and Mg(Mg,Cr)(Mg,Si1)O4 with the calcium titanate-
type structure, and anhydrous phase B), handpicked under a reflected-light micro-
scope from run products, were preliminarily examined with a Bruker-Enraf MACH3
single-crystal diffractometer using the graphite monochromatized MoK« radiation.
Then, the data collection was performed on a Supernova (Rigaku-Oxford Diffrac-
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tion) single-crystal diffractometer equipped with the Mova microsource (a spot size
0f 0.120 mm, MoK o) and assembled with a Pilatus 200 K detector (Dectris). Intensity
integration and standard Lorentz-polarization corrections were performed with the
CrysAlis RED (Oxford Diffraction 2006) software package. The program ABSPACK
of the CrysAlis RED package was used for the absorption correction.
Single-crystal X-Ray diffraction of the samples was carried out in two modes:
(1) full intensity data collection and subsequent crystal structure refinement
for a complete characterization (garnet, akimotoite, bridgmanite, MgCr,O4 and
Mg(Mg,Cr)(Mg,Si)O4 phases with the calcium titanate-type structures); (2) deter-
mination of unit cell parameters only for identification purposes (majorite—en-
statite—akimotoite—bridgmanite and forsterite—wadsleyite-ringwoodite).

3.2 Review of the Experimental Data

Along with the analysis of mineralogical data, a significant amount of information on
the composition and structure of the Earth’s deep mantle areas were obtained from
the experimental studies of the model (mostly simulating Mg—Fe-isomorphism in
high-pressure phases) and multicomponent (corresponding to the peridotite/pyrolite
and eclogite lithologies) systems. The new experimental information on the effect of
minor elements on the compositions and structural patterns of the deep phases moti-
vated more careful studies of some geophysically significant phase transformations,
which account for variations in the composition of mantle minerals.

A number of experimental and thermodynamic studies of Cr-bearing mantle asso-
ciations has been carried out over the past decades (Girnis et al. 2003; Brey etal. 1999;
Klemme 2004). Most of these papers contained the data on the phase equilibria and
conditions of the formation of high-pressure chromium-rich (knorringite) garnets.
The solubility of chromium in other high-pressure phases, as well as the influence on
the structural features and the PT parameters of stability of these phases, are poorly
studied and restricted the influence of chromium on olivine and its polymorphs
(Gudfinnsson and Wood 1998).

3.2.1 Systems with High-Pressure Components of Garnets

The natural garnets from garnet peridotite, eclogite, kimberlite, and other high-
pressure rocks are characterized by the pyrope—grossular—almandine composition
with minor impurities of high-pressure components. As it is evident from the exper-
imental data, incorporation of knorringite (Mg3Cr,Si301,) in garnet is registered at
~3 GPa, i.e., beyond the diamond depth facies (Malinovskii et al. 1975), whereas
the concentration of chromium in garnets within the area of crystallization of most
of natural diamonds (4-7 GPa) reaches significant values (5-10 wt% Cr,O3 and
higher). Such garnets are mostly high-chromium subcalcic pyropes, which are indica-
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tors of the diamondiferous dunite—harzburgite paragenesis in the lithospheric mantle
(Sobolev 1974). The maximum concentration of Cr,O3 in natural garnet is 20.6 wt%,
which corresponds to 60 mol% of knorringite (Stachel and Harris 1997).

Incorporation of excess silicon (majoritic component) is one more pattern of deep
garnets. The concentration of chromium and aluminum in garnets decreases with
increasing pressure (Akaogi and Akimoto 1977; Irifune 1987), whereas the concen-
tration of silicon in the octahedral site and the concentration of divalent cations (Ca,
Mg, and Fe) and sodium progressively increase (Ono and Yasuda 1996); as a result,
garnet with Si >3 f.u. is formed. This results from the beginning of dissolution of
the pyroxene (mostly (Mg, Fe)SiO3) end members in garnet starting from a pressure
of ~7.5 GPa (Akaogi and Akimoto 1979). With increasing pressure, the solubility
of pyroxene in garnet becomes significant. In contrast to the knorringite component,
the presence of majorite is mostly typical of eclogitic garnets.

According to the experimental and natural data, the minimum pressures of knorrin-
gite (~3 GPa) and majorite (~7.5 GPa) incorporation in natural garnets are different.
Therefore, the relative saturation of garnet in knorringite is probable in the litho-
sphere, whereas high concentrations of the majoritic component (5—10 mol%) are typ-
ical of the sublithospheric mantle only. The presence of both knorringite and majorite
in natural garnets is occasional (Stachel 2001; Taylor and Anand 2004). However, the
simplified ternary system pyrope—majorite—knorringite (MgO—-Al,03—Cr,03-Si0,)
may be applied for reconstruction of the formation of garnets in the lowermost upper
mantle and transition zone.

From the first study of the pyrope—majorite join (Akaogi and Akimoto 1977), a
huge database on the experimental investigation of the systems containing majoritic
garnet was accumulated in a wide range of temperatures and pressures. Both relatively
simple (model) and multicomponent systems with natural chemistry were studied.
The main result of these studies was the demonstration of the linear correlation
between the concentration of Si in the octahedral site and pressure, independently
on the complexity of the systems studied experimentally.

Many authors have studied the change in the unit cell parameters with increasing
content of the majoritic component in garnet (Parise et al. 1996; Nakatsuka et al.
1999). It was established that increase in the majorite component in garnet along
the majorite—pyrope join resulted in the gradual increase in the cell parameters with
further transition from cubic (space group Ia3d) to tetragonal (space group I4/a)
symmetry (Akaogi and Akimoto 1977; Parise et al. 1996). This transition occurs at
high majorite contents in garnet (>80 mol% Maj) (Parise et al. 1996).

Although knorringite is an important end-member of garnet in the deep litho-
spheric mantle, the stability and high-pressure phase relations of knorringite are still
controversial. Its stability field has been investigated in several studies (Ringwood
1977; Irifune et al. 1982; Turkin et al. 1983; Klemme 2004; Taran et al. 2004; Zou
and Irifune 2012). The first synthesis of knorringite garnet was reported by Coes
(1955) without any details about the run procedures and physical properties of the
new phase. Later Ringwood (1977) synthesized knorringitic garnet in a quite wide
pressure range (6—8 GPa) at temperatures of 1400-1500 °C. Irifune et al. (1982)
demonstrated the stability of knorringite at pressures >11.5 GPa at 1200 °C and at
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>11.8 GPa at 1400 °C. In contrast, Turkin et al. (1983) reported on the appearance of
knorringite at significantly lower pressures of 8.0-9.5 GPa at 1200-1800 °C, with a
negative slope of the phase boundary. Klemme (2004) synthesized knorringite coex-
isting with eskolaite (Cr,03) at 16 GPa and 1600 °C. Taran et al. (2004) reported on
the synthesis of knorringite at 9—16 GPa and 1300-1600 °C. Zou and Irifune (2012)
noted that in all runs knorringite was associated to eskolaite. The authors explained
this fact by incorporation of the majorite component in garnet.

The structure of knorringite was refined using X-ray single crystal (Bykova et al.
2014) and powder diffraction data (Juhin et al. 2010). Ottonello et al. (1996) per-
formed calculations of the cell parameters of pure knorringite Mgz Cr,Si30; (a =
11.6040 A).

Single-crystal X-ray diffraction studies of knorringitic garnets, as well as the
study of the structural features of garnet solid solutions containing a significant
portion of the knorringite end-member have not been carried out yet. The occurrence
of the knorringite component in garnet was studied on the example of the model
pyrope—knorringite system (Ringwood 1977; Klemme 2004; Turkin and Sobolev
2009). Turkin and Sobolev (2009) established that the maximum solubility of the
knorringite component in garnet increased with pressure and temperature within the
pressure range from 3 to 7 GPa. The authors of that study observed a negative slope
of the isolines of the chromium content in garnet in the P-T coordinates (Malinovskii
et al. 1975; Turkin and Sobolev 2009).

The P-X diagram for the pyrope—knorringite system, which summarizes the
data of various studies, is shown in Fig. 3.7 (Malinovskii et al. 1975; Turkin
et al. 1983; etc.). Addition of calcium to the system leads to the transformation
of the reaction line to the four-phase field OPx + Sp + Grt + Fo (Fig. 3.8) in the
Ca0-Mg0O-Al,03-Si0,—Cr, 03 system (MacGregor 1964). It was also established
that the increase in the Cr content in the CaO-MgO-Al,03;—-Si0,—Cr,O3 system
moved the spinel-bearing association field to the higher pressure area (Fig. 3.8). The
majorite—knorringite system has not been studied yet.

Recent experimental studies of the majorite—eskolaite (MgSiO3—Cr,03) system
(Zou and Irifune 2012) at 8—16 GPa and 1200-1800 °C have shown that pyroxene and
eskolaite are stable in the low-pressure area of the diagram (Fig. 3.9). With increasing
pressure, this association is replaced by the knorringite-majorite garnet and eskolaite
in the chromium-rich part of the system. The concentration of the knorringite end-
member in garnet decreases with pressure, which results in an increase of the eskolaite
content in the run products. As the authors performed their runs with the starting
composition Mg3Cr,Si3Oj, (pure knorringite), the fields Px + Grt and Esk were not
supported experimentally.



46 3 Experimental Study of Cr-Bearing Phases at High Pressures
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Fig. 3.9 Schematic diagram of phase relations in the system MgSiO3—Cr,O3 at 8-16 GPa and
1600 °C (Zou and Irifune 2012)

3.2.2 Influence of Cr and Other Minor Elements on Mg;SiO4
Polymorphs

The study of the influence of minor elements on the P—T parameters of phase transfor-
mations and on the structural features of the high-pressure phases with composition
(Mg,Fe),Si04 have been poorly studied over the past decades (Harte 2010).

Gudfinnsson and Wood (1998) investigated the effect of minor elements, such as
Cr, Ni, Ti, Al, Ca, Na, and H, on the depth and pressure range of olivine—wadsleyite
transformation. The authors demonstrated that the maximum concentration of Cr, O3
that could be dissolved in wadsleyite was ~2.0 wt% (~0.35 wt% in Ol) at 14 GPa
and 1600 °C, whereas the solubility of TiO, in Wad at such conditions reached
~0.6 wt% (~0.1 wt% in Ol). This work confirms the conclusion of Dobrzhinetskaya
etal. (1996) on the high-pressure formation of the Mg, SiO,4 phase (initial wadsleyite)
with exsolution textures of chromite and chromium-bearing ilmenite (Cr-FeTiO3)
in olivine from peridotite of the Alpe-Arami Massif (Switzerland). Gudfinnsson and
Wood (1998) also suggested that effects of these minor elements on the properties
of the 410 km seismic discontinuity (olivine/wadsleyite transition) were negligible.

Recent experimental studies of the Al-rich part of the Mg,Si04—MgAl,O4 system
(Kojitani et al. 2007) at pressures of 21-27 GPa and temperatures of 1600-2200 °C
showed that the maximum solubility of Mg,SiO4 in MgAl,O4 with the calcium
ferrite-type structure (Cf) was 34 mol% (14.3 wt% Si0O;) at 24 GPa. At 21-23 GPa,
the association of corundum (Crn) + periclase (Per) was stable in the Al-rich part
of the system; with increasing pressure, this assemblage is replaced with MgAl,O4
with the calcium ferrite-type structure.
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In this chapter, we report the influence of chromium on the unit-cell param-
eters of the mantle high-pressure phases and thermodynamic conditions of their
stability. We discuss the results of high-pressure experiments in the Cr-rich sys-
tems, such as majorite—knorringite, forsterite—magnesiochromite, and majorite—
magnesiochromite, which are the petrologically significant sections of the model
MgO-Si0O,—Cr, 03 system. Finally, we discuss the influence of Al on the phase rela-
tions in this system and consider the conditions of the formation of Cr-rich phases
(mostly knorringitic garnet) in the multicomponent (pyrolite) system.

3.3 Experimental Study of the Model System
Si0,-MgO-Cr;03 Under the Mantle P-T Parameters

With a certain degree of approximation, the model system SiO,—~MgO—Cr, 03 char-
acterizes the phase associations of the different regions of the Earth’s mantle. Despite
absence of a number of the major components (CaO, FeO, Na,0, K,O, and others)
in this system, its study in a wide pressure range (10-24 GPa) allows us to consider
the most important phase transformations of Mg-rich silicate minerals in the upper
mantle, transition zone, and lower mantle. Addition of chromium makes possible to
understand the influence of the minor component on the structural patterns of these
phases and on the parameters of their phase transformations. During the preliminary
analysis, we selected two petrologically significant sections of the ternary diagram
Si0,-MgO-Cr, 03 for the experimental study: (1) the Mg,SisO1,-Mg3Cr;Si3 01,
system simulating the majorite—knorringite series of solid solutions in mantle gar-
nets and the post-garnet phases with the ilmenite- and perovskite-type structures;
(2) the Mg,Si04—MgCr, 04 system simulating the major polymorph transitions
olivine-wadsleyite-ringwoodite, the post-ringwoodite associations, as well as the
phase transformations for the post-spinel phases. Our experimental studies were not
restricted to the Mg-rich compositions, but were aimed at obtaining of complete
experimental information for the abovementioned systems, including the Cr-rich
starting compositions; therefore, the P—X phase diagrams were studied for each sys-
tem at a constant temperature of 1600 °C, which is close to the mantle geotherm
(Stixrude and Lithgow-Bertelloni 2007). In addition, to study the influence of the
small concentrations of Al on the parameters of crystallization and composition
of majorite—knorringite garnets, we carried out the series of experiments in the
Si0,—-MgO—-Cr,0; + Al,O3 system at 7 GPa and 1500-1700 °C. The main experi-
mental results obtained in our study are considered below.



3.3 Experimental Study of the Model System SiO,—-MgO—-Cr,03 ... 49

3.3.1 Mg,4Sis01-Mg3CrySi307; Section at 10-24 GPa
and 1600 °C

Due to the important role of chromium in the mineralization of the upper mantle
and the widely abundant association of knorringitic garnet with natural diamond,
the Mg4Si401,-Mg3Cr,Si301, section was selected as the model one for the exper-
imental study of regularities in the formation of knorringite—majorite garnets. Both
high-pressure components (majorite and knorringite) are very important for barom-
etry of the mantle mineral associations; however, their simultaneous incorporation
in garnet has been not studied yet. Here we report the results of the experimental
study of the majorite—knorringite system on a high-pressure multianvil apparatus
(Sirotkina et al. 2015).

Phase relations. At 10-24 GPa and 1600 °C, we studied the full range of the start-
ing compositions in the knorringite—majorite series with increments of 10-20 mol%
Knr and 1-2 GPa, which allowed us to synthesize Cr-bearing phases of a wide
compositional range. The phases obtained in our runs include pyroxene, garnet
of the knorringite—majorite composition (Juhin et al. 2010; Zou and Irifune 2012;
Bykova et al. 2014), Cr-bearing MgSiO3 with the ilmenite- (Kawai et al. 1974; Bindi
et al. 2014a) and perovskite-type (Liu 1974; Bindi et al. 2014b) structures, esko-
laite Cr,O3, MgCr,04 with the calcium titanate-type structure (Wang et al. 2002;
Chen et al. 2003; Bindi et al. 2014c), and stishovite. The run conditions, phase
assemblages, and compositions of the phases produced in experiments in the system
Mg4Si401,—-Mg3Cr,Si301, (majorite—knorringite) at 10-24 GPa and 1600 °C are
reported in Table 3.1. The phase assemblages in the experimental samples were estab-
lished using a scanning electron microscope with an energy-dispersive spectrometer,
and after all runs, the results were controlled by single-crystal X-ray diffraction and
Raman spectroscopy.

As it was shown by Zou and Irifune (2012) and Sirotkina et al. (2016), at relatively
low pressures (P < 8 GPa), pyroxene associates with eskolaite Cr,O3 (Esk) in the
whole compositional range. Increase in pressure results in appearance of knorrin-
gite—majorite garnet in association with pyroxene (Grt + Px, 0-90 mol% Knr in the
starting composition), according to the reaction Px + Esk = Grt, and eskolaite (Grt
+ Esk, 90-100 mol% Knr in the starting composition).

At 10-14 GPa and low Cr contents in the starting composition, Cr-bearing
majoritic garnet is in the equilibrium with low-Cr pyroxene. The texture of samples is
characterized by relatively large isometrical (a diameter of 10—100 p.m) garnet crys-
tals and large, often elongated (a length up to 120 wm) pyroxene grains with clear
cleavage (Fig. 3.10a). With increasing Cr concentration in the starting composition,
the bulk garnet content in the sample increases. Thus, the content of garnet in Sample
2520-5 (the starting composition MajosKnrgs) does not exceed ~12 vol.%, whereas
the estimated content of this mineral in Sample 2423-15 (the starting composition
MajgsKnrs) reaches 40 vol.%.

Further increase in pressure and Mg3;Cr;Si301; in the starting composition stim-
ulates appearance of the single-phase field of garnet with the knorringite—majorite
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«Fig. 3.10 BSE images of textural relationships and phase associations in run products in the
system Mg4Si4O12-Mg3Cr;Si3 017 at 10-24 GPa and 1600 °C: a aggregate of majorite—knorringite
garnet and elongated prismatic pyroxene grains; b association of majorite—knorringite garnet and
eskolaite, in which the latter occurs as inclusions in garnet and fills interstitials; ¢ massive aggregate
of subhedral MgSiO3; akimotoite grains; d segregations of small MgSiO3 akimotoite grains in
majorite—knorringite garnet; e aggregate of MgSiO3 bridgmanite, MgCr, O4 with a calcium titanate-
type structure, and stishovite; f massive aggregate of bridgmanite grains with a dense system of
fractures

composition. Garnets form large euhedral crystals with a size up to 150 wm. With
increasing knorringite content in the starting material, an association of garnet and
eskolaite does appear. The typical texture of the samples is shown in Fig. 3.10b: rel-
atively large garnet crystals with a size of >150 pm and small, regularly distributed,
often interstitial eskolaite segregations. Eskolaite often forms inclusions in garnet.
The size of eskolaite segregations does not exceed 10 wm. It is defined that the sta-
bility of an association of Grt + Esk expands to the area of the lower content of Knr
in the system with pressure, most likely, due to decrease in Cr solubility in garnet.
Thus, it can be assumed that for each pressure value, a certain maximum solubility of
chromium in garnet is established. With increasing Cr concentration in the starting
material, the bulk content of eskolaite in this association does increase.

Increase in pressure in the area enriched in the majorite end-member (0—15 mol%
Knr) results in the formation of a single-phase field of MgSiO; akimotoite (Ak). Ak
forms a massive aggregate (Fig. 3.10c) with sizes of individual grains up to 100 pm.
Ak associates with garnet in runs with the starting compositions with the moderate
Cr concentrations (10-50 mol% Knr).

Akimotoite forming small euhedral crystals with a size of <50 wm associates
with garnet (Fig. 3.10d). With increase in pressure up to 19 GPa for the same starting
composition, the bulk content of garnet in the sample decreases. The paragenesis of
garnet and bridgmanite appears at 20 GPa. The texture of the samples is character-
ized by relatively large euhedral garnet crystals and by smaller subhedral bridgman-
ite grains. Bridgmanite shows a small fracturing, most likely formed upon sample
decompression after run.

The stability of garnet is limited by the pressure of 21 GPa. In the Cr-rich part of
the system (>50 mol% Knr), the association of garnet and eskolaite is replaced with
the paragenesis of garnet and MgCr,O4 with the calcium titanate-type structure (Ct)
at ~17 GPa. With increasing pressure, the portion of garnet in run products gradually
decreases, so that only single grains of garnet (not more than 5 vol.%) are registered
at 21 GPa. MgCr, 0Oy in this association is represented by relatively large segregations
with a size up to 50 wm. Characteristically, stishovite appears in association with
chromium-rich garnet or chromium-bearing bridgmanite and the MgCr,Oy4 phase.
Stishovite forms small anhedral grains with a size up to 10 pm.

The transition from the garnet-bearing associations (Grt + Brd and Grt + Ct + Sti)
to the paragenesis of MgSiO3 bridgmanite (Brd + Ct + Sti, Fig. 3.10e) proceeds at
~20 GPa in a wide range of starting compositions. The single-phase MgSiO3 bridg-
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manite field occurs for the low-Cr starting compositions above 20 GPa (Fig. 3.10f).
This mineral forms massive fractured aggregates with a size of individual grains up
to 50 pm.

Composition of the phases. Most of the phases synthesized in the
Mg4Si401,-Mg3Cr,Si3 04, system at 10-24 GPa and 1600 °C show wide composi-
tional variations (Table 3.1).

Pyroxene in the run products has the composition close to enstatite and contains
a small chromium admixture (<0.6 wt% Cr,03).

The main feature of garnet in all experimental samples is an excess of silicon
(>3 Si p.f.u.), which is typical of garnets of the majoritic type. In association with
pyroxene, garnet is characterized by quite high chromium contents (up to 24 wt%
Cr,03). With increasing pressure, the concentration of chromium in the mineral
decreases (14 wt% Cr, O3 at 14 GPa), which results from increase in the bulk content
of garnet and decrease in the portion of pyroxene in the sample.

The composition of garnets obtained in the single-phase field of the system
depends on the starting composition, but not on pressure. With increasing content
of the knorringite end-member in the starting material, its concentration in garnet
regularly increases. The maximal concentration of knorringite in garnet from the
single-phase field reaches 70 mol% (24 wt% Cr,03) at 16 GPa for the starting com-
position KnrygMajsg.

The concentration of chromium in garnet associated with eskolaite decreases
with pressure, whereas the concentration of silicon in the octahedral site (majoritic
component) increases (Fig. 3.11a). There is a negative correlation between the con-
centrations of Mg and Cr in garnet (Fig. 3.11b), which, similarly to the Cr-Si rela-
tionships, is controlled by pressure and concentration of the knorringite end-member
in the starting material.

With appearance of akimotoite at a pressure of >17 GPa, garnet becomes enriched
in chromium (17 wt% Cr,03). In this case, the composition of garnet does not depend
on the Cr content in the starting material, but is controlled by pressure. The bulk
content of garnet in the sample decreases with pressure, whereas the concentration
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Fig. 3.11 Variations in the concentrations of Si, Mg, and Cr in garnets synthesized in the system
Mg4Si4012-Mg3Cr2Si3012 at 10-20 GPa and 1600 °C
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of Cr in garnet does increase. Increase in pressure (>20 GPa) results in appearance
of bridgmanite in association with garnet; the formation of bridgmanite does not
influence significantly on the composition of garnet. The concentration of Cr,O3 in
garnet associated with bridgmanite reaches 18 wt%.

Study of the starting material corresponding to pure Mg;Cr,Si3O1, (Table 3.1) is
of key importance from the point of garnet composition and phase relations in the
system. It should be emphasized that pure knorringite was not synthesized in a wide
pressure range (10-20 GPa). Garnet with the highest chromium content (31 wt%
Cr,03) corresponding to ~90 mol% Knr was produced at 10 GPa. For this starting
composition, increase in pressure results in a decrease of the chromium content in
garnet (18 wt% Cr,03, ~50 mol% Knr at 20 GPa). At a fixed pressure of 16 GPa,
the concentration of the knorringite component in garnet increases with increasing
bulk chromium content in the starting material (Table 3.1); however, as it is evident
from Fig. 3.12, there is a certain limit for Cr incorporation in garnet, which, in our
opinion, provides evidence for impossibility of pure knorringite synthesis.

The composition of MgSiO3 akimotoite depends on the starting composition and
pressure as well (Table 3.1). Increase in the chromium content in the starting compo-
sition results in an increase in the concentration of Cr, O3 concentration in akimotoite
in the absence of other phases. The portion of akimotoite in association with garnet
increases with pressure, and the concentration of chromium in it increases as well.
The maximal solubility of chromium in akimotoite (~5.7 wt% Cr,O3) was registered
in our runs at 18 GPa. There is a negative correlation of Mg and Si with Cr, which
indicates decrease in the concentrations of Mg and Si in akimotoite with pressure
(Fig. 3.13).

MgSiOj3 bridgmanite shows a higher solubility of chromium (4-11 wt% Cr,03)
than akimotoite. Brd associating with high-chromium garnet contains <8.5 wt%

Fig. 3.12 Dependence of . [ : J ; J ' ' ' " T
the Cr concentration in
garnet on the bulk content of
the knorringite component
(mol%) in the starting
material at 16 GPa
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Fig. 3.13 Correlations between the concentrations of Mg, Si, and Cr in MgSiO3 akimotoites syn-
thesized in the system Mg4SisO12—Mg3Cr,Si301, at 18-19 GPa and 1600 °C

Cr,03; upon disappearance of garnet (>21 GPa), the content of chromium in bridg-
manite increases significantly.

The phase with the composition MgCr,O4 and the calcium titanate-type struc-
ture (Ct) associated with garnet and stishovite and synthesized in a pressure range
from 18 to 20 GPa is characterized by the presence of silicon (up to 4 wt% SiO;).
Increase in pressure stimulates increase in Si solubility in the Ct structure. However,
interestingly, at a pressure of >20 GPa, Ct in association with bridgmanite exhibits
a stoichiometric composition (without Cr admixture).

Eskolaite in the system Mg3;Cr,Si301,—Mg4Si4O1, was detected in association
with garnet in a pressure range from 10 to 16 GPa for the knorringite-rich starting
compositions. This phase contains significant admixtures of magnesium and silicon
increasing with pressure (up to 3 wt% MgO and up to 3.5 wt% SiO,).

Topology and phase diagram of the pseudobinary section
Mg,Si 0,-Mg;Cr,Si30q,. As it was mentioned above, the phase relations
in the system Mg4SisO1,-Mg3Cr;Si301, may be described within the three-
component system SiO,—MgO-Cr,03 (Fig. 3.14). Garnet forms solid solutions
of the majorite—knorringite series, and its stability at 1600 °C is limited by the
lowest pressure of ~8 GPa; an association of pyroxene and eskolaite (En + Esk) is
stable below (Zou and Irifune 2012; Sirotkina et al. 2016). The highest content of
knorringite in garnets synthesized in our runs does not exceed 90 mol% (Fig. 3.14,
point 1 on the line a), which is in good agreement with the experimental data (Juhin
et al. 2010; Zou and Irifune 2012). Eskolaite is always formed in equilibrium with
garnet due to incorporation of the majorite end-member in garnet via the reaction:

Mg;Cr,8i3015(K nr) = 3MgSiO;(Maj) + Cr,05(Esk) 3.1)

Since eskolaite on the SiO,—MgO-Cr, 03 diagram (Fig. 3.14) plots outside the
section Mg4Si401,—Mg3Cr,Si301; (line a), studied system should be considered as
pseudobinary.

The formation of the phase MgCr,O4 with the calcium titanate (CaTi,Oq4)-type
structure and stishovite representsadditional evidence for the pseudobinary nature
of the studied system. The formation of this association (line b in Fig. 3.14) is first
registered in the chromium-rich part of the system at a pressure of 18 GPa, according
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MgO

Px, Maj,

Sti Fsk

Fig. 3.14 Relative position of the phases and phase associations of the studied system
Mg4Sig012-Mg3CrSi3012 on the triangular diagram SiO>,—MgO-Cr, O3 (Sirotkina et al. 2015).
(1-3) The maximum concentration of Cr,O3 in the phases synthesized in our experiments: (1)
garnet, (2) MgSiO3 bridgmanite, and (3) MgSiO3 akimotoite. Letters in circles (a—c) correspond
to the sequence of the chemical reactions with increasing pressure

to the following reactions:

Mg;Cr;Si3012(Knr) 4+ 2Cr,O3(Esk) = 3MgCr,04(Ct) 4 3S10,(Sti);  (3.2)

MgSiO;(Maj) + Cry05(Esk) = MgCr,04(Ct) + SiOy(Sti).  (3.3)

These reactions with participation of the knorringitic and majoritic components
of garnet control the abovementioned total decrease in the portion of garnet in experi-
mental samples with increasing pressure. One more important feature of this reaction
is the appearance of stishovite, a mineral that is not typical of the ultrabasic (pyrolytic)
association, as an individual phase (Kaminsky 2012).

Complete disappearance of garnet at a pressure of >20 GPa occurs as a result of
transformation of the MgSiO; component of garnet (majorite) into bridgmadite and
decomposition of the knorringitic component of garnet via the reaction (composi-
tional triangle ¢ in Fig. 3.14):

MgSiO;(Maj) = MgSiO(Brd); (3.4)
Mg;Cr,Si301,(Knr) = 2MgSiO;(Brd) + MgCr,04(Ct) + SiOy(Sti).  (3.5)

In this association, bridgmanite contains ~30 mol% of the “knorringitic” com-
ponent (11 wt% Cr,03), whereas the remaining chromium goes into the MgCr,04
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Fig. 3.15 Fragment of the isothermal P-X section of the phase diagram SiO,-MgO-Cry03
(Fig. 3.14). Small circles show compositions of the phases synthesized in the Maj—Knr system
(Sirotkina et al. 2015)

phase with the calcium titanate-type structure; as a result, similarly to the previous
case, stishovite is formed to maintain the stoichiometry of the system.

Based on the results of the topological analysis and using the data of experi-
ments on study of the phase relations, we plotted the isothermal P—X section of the
phase diagram SiO,-MgO-Cr,0O3 (Fig. 3.15). The considered pseudobinary system
Mg,Si4O01,-Mg3Cr,Si3 04, represents only a small fragment of the MgSiO3—Cr, 03
section preliminarily studied by Zou and Irifune (2012) at pressures up to 16 GPa
for the starting composition Mgz Cr,Si3O15.

3.3.2 Mg;,Si04-MgCry04 Section at 10-24 GPa and 1600 °C

As (Mg,Fe),Si04 polymorphs (olivine/wadsleyite/ringwoodite) are widely abundant
in the Earth’s mantle, and chrome spinel is a very important chromium-bearing phase
of the upper-mantle rocks and often forms inclusions in natural diamonds (Sobolev
1983; Bulanova et al. 1993), we selected the model system Mg,SiO4—MgCr, 04 for
multi-anvil experimental study of phase relations and interphase chromium compo-
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nent partitioning (Sirotkina et al. 2018). Although the minerals of natural mantle
associations are represented by relatively low-chromium silicates or, conversely,
high-chromic oxides, the task was to study the full range of starting compositions of
this system in order to construct the P—X phase diagram and establish the parameters
and limits of isomorphism in chromium-bearing phases.

Phaserelations. The forsterite—magnesiochromite (Fo—M Chr) was studied exper-
imentally at a temperature of 1600 °C in a pressure range of 10-24 GPa (with an incre-
ment of 1-3 GPa) for the starting compositions with an increment of 10-30 mol%
MgCr, 04, which allowed us to synthesize chromium-bearing mantle phases of var-
ious depth levels and wide compositional range. Among the phases obtained in the
study of the Fo—-MChr system are chromium-bearing olivine (OI), wadsleyite (Wad)
(Price et al. 1983; Akaogi et al. 1989; Katsura and Ito 1989; Yu et al. 2008; Sirotkina
et al. 2018), ringwoodite (Rgw) (Binns 1970; Akaogi et al. 1989; Yu et al. 2008),
bridgmanite (Brd) (Tschauner et al. 2014; Bindi et al. 2014b), Mg,Cr,O5 with mod-
ified ludwigite-type structure (mLd) (Ishii et al. 2015), Mg(Mg,Cr)(Mg,Si)O4 phase
with modified calcium titanate-type structure (mCt) (Bindi et al. 2015), knorrin-
gite—majorite garnet (Juhin et al. 2010; Zou and Irifune 2012; Bykova et al. 2014;
Sirotkina et al. 2015), MgCr,O4 with the spinel-(MChr) and calcium titanate-type
(Ct) structures (Bindi et al. 2014c), eskolaite (Esk), periclase (Per), and anhydrous
phase B (anhB) (Herzberg and Gasparik 1989; Bindi et al. 2016). The run condi-
tions, phase assemblages, and compositions of the phases produced in experiments
in the system Mg,Si104,—MgCr, Oy (forsterite—magnesiochromite) at 10-24 GPa and
1600 °C are reported in Table 3.2.

At a moderate pressure (10 GPa), magnesiochromite (MgCr,04) coexists with
chromium-bearing olivine in a wide range of starting compositions. The typical
texture of the sample is shown in Fig. 3.16a: large olivine crystals and relatively
small MChr grains occurring either as inclusions in olivine or in interstitials.

MgCr,O4 magnesiochromite grains are predominantly isometric, subhedral
(sometimes euhedral), rarely elongated. The size of olivine crystals ranges from 10
to 100 wm, whereas the length of magnesiochromite crystals reaches 50 pm. With
increasing chromium concentration in the starting material, the content of chrome
spinel increases in the sample (~27 vol.% in Sample 2632-30, ~85 vol.% in Sample
2632-80).

Increase in pressure in the area of the system enriched in the forsterite component
(0—8 mol% MChr) results in the formation of the single-phase field of wadsleyite. Ata
pressure of >12 GPa, an association of knorringite—majorite garnet, Mg,Cr,Os phase
with modified ludwigite-type structure, and (Mg,Cr),4(Si,Cr)sO,4 anhydrous phase
B is formed in a wide compositional range (8—60 mol% MChr). Further increase
in pressure (>13 GPa) results in the formation of an association of wadsleyite and
Mg(Mg,Cr)(Mg,Si1)O4 phase with modified calcium titanate-type structure (mCt).
The texture of the samples is characterized by relatively large (up to 70 pwm) euhedral
wadsleyite crystals and smaller subhedral mCt crystals (Fig. 3.16b).

Increase in the chromium content in the starting material (35-65 mol% MgCr,0y4)
results in the formation of garnet in association with the phase Mg(Mg,Cr)(Mg,Si)Oy.
Preserving the stoichiometry of the system requires the formation of the phase
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«Fig. 3.16 BSE images of textural relationships and phase associations in run products in the
section Mg, Si04—MgCry 04 at 10-24 GPa and 1600 °C: a aggregate of olivine and small grains of
magnesiochromite in the experimental sample; b association of wadsleyite and mCt; ¢ small mCt
crystals with small prismatic crystals of Mg,Cr,Os phase with modified ludwigite-type structure
(mLd) and small isometric garnet grains; d association of garnet, wadsleyite, and mLd; e aggregate
of MgSiOs3 bridgmanite, MgCr,O4 with the calcium titanate-type structure, and mLd; (f) aggregate
of bridgmanite with the typical dense system of small fractures and periclase in the experimental
sample

Mg,Cr,O5 with modified ludwigite-type structure (mLd) in association with gar-
net. The texture of the samples obtained is formed by predominant relatively large
(up to 60 wm) crystals with small (up to 20 pm) prismatic crystals of mLd, as well as
relatively small (<15 wm) isometric garnet crystals filling interstitials (Fig. 3.16c¢).
With further increase in the chromium content in the starting composition, an asso-
ciation of mLd + Grt + Esk is formed.

An association of mLd + Esk is formed in the chromium-rich part of the system
(>92 mol% MChr) in the pressure range of 12—-18 GPa; its stability field slightly
expands with pressure. Increase in pressure (>18 GPa) results in the formation of
the single-phase field of MgCr,O4 with the calcium titanate-type structure (Ct). It is
shown that with increasing pressure, the field of Ct expands to the area of the higher
forsterite content in the system due to increase in silicon solubility in MgCr,Oy.

Two garnet-bearing associations are formed at a pressure of >18 GPa. In total, they
cover almost complete range of the starting compositions (10-90 mol% MChr): Grt
+ Wad + mLd (Fig. 3.16d) and Grt + Ct + mLd. The first of them was detected only
in two samples (2651-50 and 2645-10) at 19 GPa; at 20 GPa wadsleyite is replaced
with ringwoodite in this association. In the forsterite-rich part of the system, the
single-phase field of Mg,SiO4 ringwoodite replacing Cr-Wad is formed at >21 GPa.
Ringwoodite composes massive aggregates with a grain size up to 50 pm.

At ~21 GPa, the garnet-bearing associations (Grt + Rgw + mLd and Grt + Ct +
mLd) are replaced with the parageneses of MgSiO3 bridgmanite (Brd + Rgw + mLd
and Brd + Ct + mLd) in a wide range of starting compositions (15-85 mol% MChr).
In these assemblages, bridgmanite composes small, intensely fractured, euhedral
crystals with a size up to 20 wm. The phases mLd and Ct are represented by relatively
large segregations with a size up to 50 wm (Fig. 3.16e). Further increase in pressure
results in decomposition of ringwoodite with the formation of the association of
bridgmanite and periclase in the forsterite-rich part of the system. This association
was detected in one run (2631-10) performed at 24 GPa. The forsterite-rich part
of the system Fo—MChr (0-20 mol% MChr), does not contain any other phases,
except for Brd and Per (Fig. 3.16f), whereas the starting compositions with the
moderate chromium contents (20—45 mol% MChr) demonstrate the presence of the
more chromium-rich phase Mg,Cr;Os in association with MgSiO; bridgmanite and
periclase.
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Composition of the phases. The phases synthesized in the system
Mg,Si04—MgCr,04 at 10-24 GPa and 1600 °C are characterized by the wide com-
positional ranges (Table 3.2).

All phases with the composition Mg,Si0O4 obtained in the Fo—M Chr system con-
tain chromium and show the negative correlation of Cr with Mg and Si concentra-
tions (Fig. 3.17). The concentration of Cr,O3 in olivine (forsterite) synthesized at
10 GPa reaches 3.2 wt%. At ~12 GPa and quite high content of MgCr,O4 in the
starting material (~40 mol%) olivine transforms to the denser phase, wadsleyite.
Increase in pressure stimulates increase in the concentration of chromium in wads-
leyite (Fig. 3.18). The composition of wadsleyite practically does not change with the
evolution of the phase assemblages. The highest content of MgCr, 04 in wadsleyite
reaches 7.3 mol% (~7.6 wt% Cr,05) at a pressure of 19 GPa.

The composition of Mg,Si04 ringwoodite is significantly controlled by pressure.
With increasing pressure, the concentration of chromium in ringwoodite increases
(Fig. 3.18). Thus, the maximal solubility of chromium was registered for ringwoodite
in the Fo—MChr system (~18.5 wt% Cr,03) at a pressure of 23 GPa, which is close
to the upper boundary of the stability of this phase.
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Fig. 3.17 Variations in the concentrations of Si, Mg, and Cr in chromium-bearing Mg, SiO4 poly-
morphs synthesized in the system Mg, Si0O4—MgCr, 04 at 10-23 GPa and 1600 °C
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Chromite (MgCr,0,) associated with olivine contains a small silicon impurity
(<1.85 wt% SiO,, which corresponds to 6 mol% Fo).

Mg(Mg,Si,Cr), 04 with modified (distorted) calcium titanate-type structure (mCt)
is stable at pressures of 12—18 GPa in association with wadsleyite. In all experi-
mental samples, this phase is characterized by significant incorporation of silicon
(58-63 mol% Fo) and shows slight compositional variations. There is the negative
correlation of Cr with Mg and Si, which indicates substitution of Cr with Si and Mg in
the octahedral sites (Fig. 3.19). With increasing pressure, the phase Mg(Mg,S1,Cr),O4
becomes depleted in chromium, whereas the concentration of silicon in the octahedral
site regularly increases.

The phase MgCr, 0,4 with the calcium titanate-type structure (Ct) synthesized at
a pressure of >18 GPa in the chromium-rich part of the system is characterized by a
relatively wide compositional range. This phase contains significant admixture of Si
in the composition of Mg,SiO4. Excessive Mg and Si substitute Cr in the octahedral
sites of Ct. Within the pressure range of 18-21 GPa, the concentration of SiO; in
MgCr,04 Ct associating with garnet and Mg,Cr,O5 with modified ludwigite-type
structure does not exceed 2.5 wt%. At a pressure of >21 GPa, the concentration of
Si0, increases significantly up to 8 wt%, which corresponds to 23 mol% Fo. Such
high concentrations of SiO, are typical of MgCr,O4 with the calcium titanate-type
structure (Ct) synthesized at a maximal pressure of 24 GPa. Thus, increase in pressure
in the Fo-MChr system stimulates increase in solubility of the forsterite component
in MgCr204.

Comparing peculiarities of the phases with the calcium titanate-type structures in
the Fo—-MChr and Maj—Knr systems, we should note that the concentrations of SiO,
in MgCr, 04 Ct synthesized in the Maj—Knr system are much lower. The dependence
of the silicon content on pressure is very unclear and is violated by the complete
absence of SiO; in Ct synthesized at 24 GPa (Sample 2413-70). In addition, mCt,
the phase with the very high silicon content resulting in distortion of the structure in
relation to that of Ct was not detected in the Maj—Knr system.
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Fig. 3.19 Variations in the concentrations of Si, Mg, and Cr in the phases with the calcium titanate-
type structure (Ct and mCt) synthesized in the Mg, Si04—MgCr,O4 system (Sirotkina et al. 2018)
in comparison with the data on the Mg4Si4O1,—-Mg3Cr,Si301; system (Sirotkina et al. 2015)
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Fig. 3.20 Variations in the concentrations of Si, Mg, and Cr in garnets synthesized in the system
Mg>Si04-MgCry Oy at pressures of 13-20 GPa and a temperature of 1600 °C, in comparison with
the data on the system Mg4SisO12-Mg3Cr2Si3017 (Sirotkina et al. 2015). The trend of the evolution
of garnet composition is shown by the dashed line

Garnets in the run products show a relatively narrow compositional range and
are characterized by an excessive silicon content (>3 Si p.f.u.); the content of the
majoritic component does not exceed 50 mol% (Fig. 3.20). With increasing pressure,
the concentration of chromium in garnet decreases, whereas the concentration of
silicon in the octahedral site regularly increases, which is in a good agreement with
the data on the composition of garnets synthesized in the Maj—Knr system (Sirotkina
et al. 2015). The highest content of the knorringite end-member in garnet, 75 mol%
(26 wt% Cr,03), was registered at a pressure of 13 GPa; at 20 GPa, the content
of knorringite decreases to 50 mol%, which is consistent with the data obtained
for garnets in the Knr—Maj system (Fig. 3.11). However, garnets synthesized in the
Knr—Maj system are characterized by the higher chromium concentrations (90 mol%
Knr, 30.78 wt% Cr,03) at a pressure of 10 GPa. Such high contents of knorringite
are not typical of garnets produced in the Fo—MChr system due to impossibility of
garnet synthesis at a pressure below ~12 GPa, because of the stability of the phase
association O/ + MChr under these conditions.

The phase Mg,Cr,Os with modified ludwigite-type structure (mLd) was detected
in a wide range of pressures and starting compositions. At relatively low pressures
(13-16 GPa), mLd is characterized by the small concentration of Si, deficiency in
Mg, excess of Cr. This fact is explained by substitution of Mg with Cr and Mg in
the ludwigite-type structure. With increasing pressure, the concentrations of Si and
Mg in garnet increase against the background of decrease in the solubility of Cr
(Fig. 3.21). The maximal concentration of SiO; in mLd obtained in the Fo-MChr
system reaches 2.8 wt% (~0.12 Si p.f.u.).

The composition of MgSiOs bridgmanite changes insignificantly (2.8-6.7 wt%
Cr,03) and depends on pressure as well. The lowest concentrations of chromium were
registered in bridgmanite associated with ringwoodite at a pressure of 21 GPa. The
maximal solubility of Cr,O3 (~6.7 wt%) was registered in bridgmanite synthesized
in the system Fo—MChr at a pressure of 24 GPa.
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Fig. 3.21 Compositional variations of Si, Mg, and Cr in mLd synthesized in the system
Mg>Si04—MgCry Oy at pressures of 13—24 GPa and a temperature of 1600 °C

Periclase was detected in the system Fo—MChr in association with bridgmanite
in the range of starting compositions of 0-50 mol% MChr at a pressure of >23 GPa.
Periclase is characterized by significant concentrations of silicon (~3.8 wt% SiO»)
and chromium (22.4 wt% Cr,03). The latter fact emphasizes the need to consider
periclase as one of the potential chromium concentrators in the Earth’s lower mantle.

Topology and phase diagram of the pseudobinary section
Mg,SiO4~MgCr,0,. The phase relations in the section Mg;SiO4—MgCr, Oy
may be considered in terms of the ternary system Si0,—MgO-Cr,0; (Fig. 3.22).

The stability of the O/ + MChr association is limited to a pressure of
~12 GPa, above which the formation of the association of wadsleyite and the phase
Mg(Mg,Cr)(Mg,Si)O4 with modified calcium titanate-type structure is registered.

An association of knorringite—majorite garnet, Mg,Cr,Os phase with modified
ludwigite-type structure, and (Mg,Cr)4(S1,Cr);s0,4 anhydrous phase B (Anh B) is
formed at a pressure of >12 GPa in a wide range of starting compositions (8—65 mol%
MgCr,0y4) via the following reactions (a and b in Fig. 3.22):

Mg,Si04(0l/Wad/mCt) + MgCr,04(Sp/mCt)
= Mg14Si5024(Al’l/’l B) + Mg3Cr2$i3012(Knr); (36)

5MgCr,04(MChr/mCt) + 3Mg,SiO4(01/ Wad /mCt)
= Mg;Cr,Si3015(Knr) 4+ 4Mg,Cr,0s(m Ld); (3.7)

MgCr,O4(M Chr/mCt) + Mg,Si04(01/Wad /mCt)
= MgSiO;(Maj) + Mg,Cr,Os(mLd). (3.8)

Since the compositions of knorringite—majorite garnet, ludwigite, and anhydrous
phase B plot outside the Mg,Si04~MgCr; 04 section corresponding to the studied
system on the Si0,—MgO-Cr, 05 diagram, this system should be considered as pseu-
dobinary.
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Fig. 3.22 Relative position of the phases and phase associations in the system Mg> Si04—MgCr>O4
on the triangular diagram SiO;—MgO-Cr;O3. Numerals (1-4, 9-11) characterize the concentration
limits of MgCr,04/Cr, O3 registered in our runs for olivine (1), wadsleyite (2), knorringite—majorite
garnet (3), mCt (4), ringwoodite (9), bridgmanite (10), and anhydrous phase B; numerals (5-8)
characterize the concentration limits of the forsterite component registered in our runs for mLd
(5), Ct (6), magnesiochromite (7), and eskolaite (8). Letters in circles (a—e) show the sequence of
chemical reactions with increasing pressure and decreasing chromium concentration in the starting
composition

The formation of an association of wadsleyite and Mg(Si,Mg)(Cr,Mg)O,4 phase
with modified calcium titanate-type structure proceeds via the same reactions at a
pressure of >13 GPa.

In the chromium-rich part of the system (>93 mol% MgCr,04), MgCr, 04 with the
spinel-type structure decomposes to form an association mLd + Esk by the reaction
(line ¢ in Fig. 3.22):

2MgCr204(Sp) = MgZCI‘QOs (de) + CI‘203 (Esk) (39)
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Appearance of an eskolaite—ludwigite assemblage provides additional evidence
for the pseudobinary character of the Mg,Si04,—MgCr,O4 section.

Crystallization of the MgCr,O,4 phase with the calcium titanate-type structure
(Ct) in association with knorringite—majorite garnet (Ct + Grt + mLd) or chromium-
bearing bridgmanite (Ct + Brd + mLd) proceeds at a pressure of >18 GPa. As it is
evident from our runs, the stability field of MgCr,O4 Ct expands with pressure to
the area of the lower chromium concentrations.

The pseudobinary character of the section is also evident from appearance of the
knorringite—majorite garnet (Fig. 3.22, Sect. 3.3) in the following phase associations:
Rgw/Wad + Grt + mLd, Grt + mLd + Esk, and Grt + mLd + mCt/Ct.

The narrow range of garnet composition is controlled by the relative posi-
tion of connodes and is highly dependent on pressure. In this situation, it is very
important that the compositions of mCt occur on intersection of the connodes
Ol/Wad-MChr connodes (with a slight shift of the compositional range towards
MChr) and Maj—mLd. Based on the defined phase relations, the portion of the majorite
component in garnet coexisting with mCt cannot exceed 50 mol%. In contrast to the
Maj—Knr system, further increase in the content of the majorite end-member in gar-
net will be hindered by the reaction of this mineral with Mg,Cr,Os (mLd) with the
formation of Mg(Mg,Si,Cr),O4 (mCt).

Complete disappearance of garnet at a pressure of >21 GPa proceeds via the
reaction of interaction of the knorringite component of garnet with the Mg,Cr,0Os
phase and the reaction of transition of the MgSiO; component of garnet (majorite)
into bridgmanite (Fig. 3.22, d):

Mg3CrZSi3012(Knr) + Mg2Cr205 (de)
= 2MgCr,04(Rgw/Ct) 4+ 3MgSiO, (Brd); (3.10)

MgSiO;(Maj) = MgSiO,(Brd). 3.11)

The formation of periclase in association with bridgmanite results from decom-
position of ringwoodite at a pressure of >23 GPa in the silicon-rich part of the system
via the reaction (Fig. 3.22, line e):

Mg,SiO4(Rgw) = MgSiO;(Brd) + MgO(Per). (3.12)

Based on the results of topological analysis and using the data of experiments
on the study of phase relations considered above, the P-X phase diagram of the
pseudobinary system Mg,Si0,—MgCr,O4 was plotted (Fig. 3.23); this diagram rep-
resents an isothermal section of the phase diagrams Si0,—~MgO-Cr,05 (Fig. 3.22).
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Fig.3.23 P-X phase diagram of the pseudobinary system Mg, SiO4—MgCr;O4 at 1600 °C (Sirotk-
ina et al. 2018). The pressures of the phase transformations in Mg,SiO4 (forsterite/wadsleyite at
14.8 GPa and wadsleyite/ringwoodite at 20.2 GPa) are given after (Akaogi et al. 1989). Small circles
denote the compositions of the phases synthesized in the Fo-MChr system

3.3.3 Mg4Si 01,-MgCry04 Section at 10-24 GPa
and 1600 °C and General Topology

of the Si0,-MgO-Cr;03 System Under the Mantle P-T
Parameters

Phase relations and composition of the phases. Among the phases obtained in
experiments on the Mg, Si,O1,—MgCr,O4 section there are: garnet (Grt) of the knor-
ringite—majorite composition, anhydrous phase B (anhB), Mg,Cr,05 with modified
ludwigite-type structure (mLd), Mg(Mg,Cr)(Mg,Si)O4 phase with modified calcium
titanate-type structure (mCt), bridgmanite (Brd), MgCr,O4 with the calcium titanate-
type structure (Ct), and stishovite (St). Conditions of runs in the Si0,-MgO—-Cr, 03
system, phase assemblages and their compositions are reported in Table 3.3.

At 12 GPa, chromium-bearing majoritic garnet associates with anhydrous phase
B and the phase with modified ludwigite-type structure. The texture of the samples is
characterized by relatively large isometric crystals of garnet and phase B with sizes
up to 50 wm and small, regularly distributed, often interstitial, segregations of mlLd.
The size of such segregations does not exceed 10 pm.

At the same starting composition, increase in pressure up to 16 GPa results in
the formation of an association of knorringite—majorite garnet, mLd, and mCt. The
texture of these samples shows a predomination of relatively large mCt crystals with
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a size up to 60 wm; interstices between them are filled with small prismatic crystals
of mLd with a size up to 10 pm and relatively small (<10 pm) isometric garnet grains
(Fig. 3.24a).

Atapressure of 24 GPa, garnet-bearing associations are replaced with bridgmanite
assemblages. Characteristically, chromium-bearing bridgmanite and MgCr,O4 phase
associate with stishovite. The latter forms small anhedral grains with sizes up to
10 wm. MgCr,0y in this association is represented by relatively large segregations
with a size up to 50 um (Fig. 3.24b).

General topology of the Si0,-MgO-Cr,0; model system. It may be derived
using the results of experiments in the majorite—magnesiochromite section, as well
as in the previously studied petrologically significant sections majorite—knorringite
(Sirotkina et al. 2015) and forsterite—-magnesiochromite (Sirotkina et al. 2018). The
phase associations in the Si0,—MgO-Cr,03 system at different pressures, which
account for the compositions of the different phases, are shown in Fig. 3.25.

At 12 GPa (Fig. 3.25a), most of the diagram is occupied by garnet of the knorrin-
gite—majorite composition associated with other high-pressure phases. The concen-
tration of the knorringitic component in garnet ranges within 70-85 mol%, which
is controlled by pressure and concentration of chromium in the bulk composition
(Sirotkina et al. 2015). In the chromium-poor area of the diagram, garnet associates
with pyroxene with the low chromium content. Increase in the magnesium con-
centration in the system results in the formation of chromium-bearing olivine and
wadsleyite, as well as anhydrous phase B. The field of wadsleyite stability is rel-
atively narrow, whereas significant part of the diagram is occupied by anhydrous
phase B associated with garnet, mLd, and periclase.

2 () R TS

>~

Fig. 3.24 BSE images of textural relationships and phase associations in run products in the section
Mg4Si4012-MgCry O4 at 10-24 GPa and 1600 °C: a large mCt crystals in the matrix composed of
small prismatic crystals of Mg>Cr20Os5 (mLd) and isometric garnet grains; b aggregate of MgSiO3
bridgmanite, MgCr,O4 (Ct), and stishovite
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Fig. 3.25 General topology of the Si0,—-MgO-Cr, O3 model system and relative position of the
phases at different pressures (Matrosova et al. 2018): a 12 GPa; b 16 GPa; ¢ 22 GPa; d 24 GPa

Increase in pressure up to 16 GPa (Fig. 3.25b), corresponding to the uppermost
part of the transition zone, results in the formation of the Mg(Mg,Cr)(Mg,Si)O4
phase with modified calcium titanate-type structure (mCt) as a result of interaction
between anhydrous phase B, components of garnet, and mlLd:

Mg14515024(anhB) + ZMg3CrQSi3012(Knr) + 4Mg2CI‘205 (mLd)
= 6MgCr,04 (mCt) 4+ 11Mg,SiO4 (mCt); (3.13)

Mg14Si5024(anhB) + 2Mg4Si4012(Maj) + 4Mg2CI’205 (de)
= 4MgCr,0,4 (mCt) + 13Mg,SiO, (mCt). (3.14)

The phase diagram obtained may be divided into two fields corresponding to the
stability of garnet and wadsleyite, which represent two most abundant phases in rocks
of the uppermost transition zone of the Earth’s mantle. The field of garnet stability
is located in the Cr-richest part of the system. The composition of garnet varies from
almost pure majorite to ~70 mol% of knorringitic component (Sirotkina et al. 2015),
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which is evident from the phase diagram (Fig. 3.25b). Increase in the Mg content in
the system promotes the formation of chromium-bearing wadsleyite.

Increase in pressure up to 22 GPa (Fig. 3.25¢) allows us to simulate the phase asso-
ciations typical of the lowermost transition zone of the Earth’s mantle. This area is
characterized by wide abundance of ringwoodite among the mantle phases, whereas
the majoritic and knorringitic end-members of garnet become unstable. Because of
this, the fields on the phase diagram (Fig. 3.25¢) include parageneses with ring-
woodite and bridgmanite due to the phase transitions Wad = Rgw, Maj = Brd and
reaction of decomposition of the knorringitic component of garnet (Sirotkina et al.
2015). Ringwoodite is the major chromium-bearing phase in the part of the diagram
depleted in chromium. The solubility of chromium in ringwoodite at 22 GPa is sig-
nificantly higher than the maximal content of chromium in bridgmanite (Fig. 3.25c¢).
We should note that the post-spinel MgCr,O4 phase with the calcium titanate-type
structure is stable at pressures corresponding to the lowermost part of the transition
zone. This phase occupies significant part of the diagram enriched in chromium.

Slight increase in pressure (by 2 GPa) results in significant changes of phase
associations. A pressure of 24 GPa corresponds to the uppermost part of the lower
mantle. The diagram of phase relations (Fig. 3.25d) shows the reaction of ringwoodite
decomposition with the formation of bridgmanite and periclase that is typical of
the boundary between the transition zone and lower mantle. Significant part of the
phase diagram is occupied by bridgmanite, which is in accordance with the widest
abundance of this compound among the lower-mantle phases. The chromium-rich
part of the diagram is characterized by stability of the MgCr, O, post-spinel phase
with the calcium titanate-type structure.

3.4 Experimental Study of Multicomponent Systems
with Cr-Bearing Phases at High P-T Parameters

3.4.1 Influence of Minor Al Concentrations
on Crystallization of Garnet
in the Majorite-Knorringite System

As it was shown by Zou and Irifune (2012) and Sirotkina et al. (2015), garnet is
not formed in the Si0,—~MgO—Cr,03; Al-free model system at P < 8 GPa. At the
same time, analysis of some experimental data (Klemme 2004; Turkin and Sobolev
2009) shows that addition of aluminum to the starting compositions of this model
system will result in crystallization of garnet of the majorite—knorringite—pyrope
composition. Unfortunately, the experimental studies available do not report details
on the Cr-rich part of the pyrope—knorringite system. To simulate crystallization of
garnet with the low aluminum content and to understand the correlation between its
composition, temperature, and bulk composition of the system, we performed a series
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of experiments in the Si0,—-MgO-Cr, 03 system with addition of 5, 10, and 20 mol%
of the pyrope component (MgzAl,Si30,) to the starting composition KnrsoMajso.

Experiments were performed at the Vernadsky Institute of Geochemistry and
Analytical Chemistry (Moscow, Russia) on a toroidal “anvil-with-hole” apparatus
at a pressure of 7 GPa and temperatures of 1500, 1600, and 1700 °C. The starting
compositions included the following mixtures (mol%): Knrygo, PrpsMajy; sKnra; s,
PrploMaj45Knr45, and PrpzoMaj4oKnr4o (Table 34)

The phase associations for the starting composition corresponding to pure knorrin-
gite contain chromium-bearing enstatite and eskolaite. Figure 3.26a shows a typical
texture of the samples: relatively large (up to 100 pm) enstatite crystals and small
(up to 10 pwm) subhedral eskolaite segregations.

The phase associations for the aluminum-bearing starting compositions in all
runs include garnet, enstatite, and eskolaite. The typical textures of the samples
(Fig. 3.26b—d) are formed by small (up to 20 wm) prismatic crystals of enstatite,
relatively large (up to 50 wm) isometric garnet crystals, and the smallest, often
interstitial, eskolaite segregations (up to 10 pm).

The main feature of pyroxenes synthesized from the pure Mg;Cr,Si30,; starting
composition is the chromium admixture (Table 3.4), which increases to 3.2 wt%
Cr,03 with increasing temperature. In addition, all pyroxenes are characterized by
a slight deficiency in Mg (relatively to 1 p.f.u.), which increases with increasing
chromium content, whereas the concentration of Si in the formula (close to 1 p.f.u.)
calculated for three oxygen atoms hardly depends on the chromium content. In all
pyroxenes, Si > Mg, and this is controlled by Cr incorporation in the structure. The
scheme of heterovalent isomorphism like Mg?* + Si** — 2Cr**, in which chromium
enters the octahedral site, substituting Mg, as well as the tetrahedral site, substituting
Si, by analogy with the ortho-corundum (AlAlO3) component of pyroxene (Berman
and Aranovich 1996), is unlikely. We suggest the following mechanism of sub-
stitution for chromium-bearing pyroxene: 1/2MgM? + MgM! = 1/2vacM? 4 CM!
(eskolaite substitution) providing evidence for the presence of the Mg 5sCrSi;Og end
member, similar to the Eskola molecule. According to this mechanism, the struc-
tural formula of the phase is the following: Mg,Cr(; — yyvac( — yaMg3 4+ s S103.
Chromium in the structure of this mineral substitutes for magnesium in the octa-
hedra, whereas a vacancy appears on the place of magnesium in the 6- to 8-fold
site.

Pyroxenes synthesized in the Al-bearing system are characterized by high con-
centrations of chromium (up to 2.9 wt% Cr,03), whereas the concentration of Al,O3
does not exceed 1 wt%. The concentration of chromium in pyroxene increases with
temperature, which is consistent with the results of experiments in the aluminum-free
system.

The composition of garnets obtained in the MgO—-Cr,03-Si0; (£Al,03) sys-
tem at 7 GPa (Table 3.4) depends on the temperature, as well as on the starting
composition. The concentration of chromium (knorringite end-member) in garnet
increases significantly with temperature for the whole range of starting composi-
tions (Fig. 3.27a, b). The highest concentration of Knr (70 mol%) was registered in
garnet obtained at 1700 °C with addition of a minimal (5 mol%) portion of pyrope
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Fig. 3.26 BSE images of the samples obtained in the MgO-Cry03-SiO; (£Al,03) system at
7 GPa and 1700 °C illustrating their textural peculiarities: a aggregate of small grains of chromium-
bearing pyroxene with interstitial segregations of eskolaite; b minor isometric garnet crystals in the
eskolaite—pyroxene matrix; ¢ garnet—pyroxene aggregate with small eskolaite grains; d isometric
garnet grains in the eskolaite—pyroxene matrix

(Sample 01). On the contrary, increase in the concentration of pyrope in the starting
composition results in the decrease in the chromium content in garnet (Fig. 3.27c¢, d)
and in the increase in the portion of garnet in the sample. All garnets are characterized
by an excess of Si (>3 f.u.); i.e., they correspond to the majoritic type. The highest
concentration of majorite in garnet reaches 13 mol% (3.13 f.u. Si).

It is characteristic that at such low aluminum contents in the system, high-
chromium majoritic garnet crystallizes at given P—T parameters.

Of special attention is the fact that the modal concentration of garnet in experi-
mental samples is always higher than the content of pyrope in the starting materials
owing to the formation of the complex majorite—knorringite—pyrope series of solid
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Fig. 3.27 Dependence of the chromium and aluminum concentrations in garnets on temperature
(a, b) and starting compositions (¢, d) (Sirotkina et al. 2016)

solutions. Thus, the portion of garnet is 6—12 vol.% with addition of 5 mol% of
pyrope, 14-23 vol.% in the system with 10 mol% of pyrope, and 22—-37 vol.% in the
system with 20 mol% of pyrope. We should emphasize that the portion of garnet in
the sample increases with temperature as well (Fig. 3.28). In this relation, we may
assume that the increase in the chromium concentration in garnet with temperature
may stabilize the structure.

It is necessary to mention that the composition of synthesized garnets is in good
agreement with that of garnet inclusions in diamonds of the dunite-harzburgite par-
agenesis (Fig. 3.28a). Garnets obtained in the MgO—-Cr,03-Si0; (£Al,03) system
are characterized by quite high contents of the pyrope (from 23 to 80 mol%) and
knorringite (from 22 to 70 mol%) components, which indicate their correspondence
to the pyrope—knorringite solid solution on the Cr—Si diagram (Fig. 3.28b); garnets
from inclusions in diamonds of moderate depth are related to this solid solution
(Pokhilenko et al. 2004; Shatskii et al. 2010). The permanent silicon excess (>3 f.u.)
increasing with decrease in the chromium concentration shows that the knorringite—
majorite trend has a definite contribution to compositional variations of garnets.
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Fig. 3.28 Compositional peculiarities of chromium-bearing majoritic garnets synthesized in the
MgO-Cr,03-Si0O; (£Al,03) system, in comparison with the data on garnets from inclusions in
natural diamonds (Sirotkina et al. 2016)

3.4.2 Crystallization of Knorringitic Garnet in the Pyrolite
System

To establish the probability of crystallization of high-chromium garnet and to under-
stand the relationship of its composition with the temperature and starting composi-
tion of the system, as well as to obtain new quantitative data on chromium component
partitioning between restite and melt, we performed a series of runs simulating partial
melting in the garnet (diamond) depth facies. The process of the formation of high-
chromium protolith (restite) upon partial melting of model pyrolite was reconstructed
in experiments within the spinel stability field at 2.5 GPa. To study the influence of
the Cr/Al ratio in protolith (starting material) on the composition of garnet and to
simulate crystallization of garnet from high-chromium restite formed upon partial
melting, we performed experiments with the Cr-rich (3 wt% Cr,05) starting material
and with the Cr/Al values modeling the composition of restite produced in the run
series at 2.5 GPa.

Experiments were performed at the Vernadsky Institute of Geochemistry and
Analytical Chemistry (Moscow, Russia) on a toroidal “anvil-with-hole” apparatus
at pressures of 7.0 and 2.5 GPa and temperatures of 1600-1800 °C. The starting
composition was represented by the model pyrolite (wt%) (Ringwood 1966): 45.95
Si0,, 3.56 Al,03, 0.50 Cr,03, 38.12 MgO, 8.13 FeO, 3.15 CaO, 0.58 Na,O.

The textures and degree of crystallization of run products depend on temperature.
All experimental samples show zoning (Fig. 3.29a) with clearly reflected area of the
garnet—olivine composition (restite). This zone is characterized by the presence of
euhedral garnet crystals with regular hexagonal outlines and euhedral olivine grains
(Fig. 3.29b-d). The zone of melting is composed of large elongated (sometimes
acicular) pyroxene grains with the fine-granular aggregate in the interstitials. The
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100 pm

Fig. 3.29 BSE images of textural relationships and phase associations in run products produced
upon partial melting of the model pyrolite within the garnet depth facies at 7 GPa and 1600-1800 °C:
a zoned structure with clearly reflected zone of the garnet—olivine composition (restite) and area of
melting; b—c fragments of the samples after runs

melt in run products was registered by the presence of microgranular quenched
aggregates composed of tiny pyroxene and garnet crystals. Garnet forms clusters of
isometric crystals with a size up to 50 pm in the quenched matrix.

Garnets obtained in all runs belong to the solid solution between the pyrope,
knorringite, and majorite end-members. The major feature of garnets synthesized at
7 GPa is the presence of Si excess (>3.0 p.f.u.), which allows us to attribute these
garnets to the majoritic type (Gasparik 2002). The highest concentration of majorite
(7 mol%) is typical of garnets synthesized at 1600 °C. In addition, garnets from the
restite zone contain a stable admixture of Cr,O3 (up to 4.3 wt%), which corresponds
to 12 mol% of the knorringite component), whereas the composition of garnet from
the quenched aggregate is significantly enriched in chromium (up to 8 wt% Cr,03).
The highest content of the knorringite end-member was registered in garnet from the
zone of melting at a temperature of 1600 °C. An excess in Si (>3 p.f.u.) increasing
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with decrease in the chromium content provides evidence for the contribution of the
majorite—knorringite trend (Sirotkina et al. 2015) to the compositional variations of
garnet. As awhole, itis evident that garnets from the restite area of the run products are
characterized by quite low concentrations of Cr, O3, low concentrations of CaO and
correspond to sub-calcium garnets of the dunite—harzburgite assemblage. The results
of our runs show that the high-chromium garnets with the composition similar to that
of mineral inclusions in diamonds of the dunite—harzburgite assemblage cannot be
produced by partial melting of the model mantle pyrolite within the garnet depth
facies.

To study the distribution of chromium between crystals and melts upon partial
melting of mantle pyrolite, using our experimental data, we calculated the compo-
sitions of restite and melt. Our calculations show that an increase in temperature
results in the redistribution of chromium into melt, whereas the concentration of this
element in restite at 1800 °C becomes lower than its bulk concentration in the rock
(Fig. 3.30).

Noteworthy, the process of partial melting in the mantle substrate within the garnet
depth facies will not result in the formation of high-chromium restite, because garnet
(restite) will accumulate not only chromium, but, to a higher degree, aluminum, with
Derjar™® ite/L 5 1: this is consistent with assumptions made by Bulatov et al (1991)
and Stachel et al. (1998).

To obtain high-chromium restite with Cr/Al more than five times higher than that
in the starting pyrolite, we performed experiments on partial melting of pyrolite in
the spinel depth facies at a pressure of 2.5 GPa and a temperature of 1400-1600 °C.
Our runs show the opposite effect of chromium redistribution into restite under such
conditions. At the highest run temperature of 1600 °C, the concentration of Cr,O3
in restite is ten times higher than that in the starting material; the concentration of
Cr,03 in melt does not exceed 0.2 wt%.

The results obtained allow us to conclude for the first time on a quantitative basis
that the partial melting of the mantle pyrolite in the spinel depth facies can produce

Fig. 3.30 Dependence of the 0.55 T T
bulk concentration of Cry O3 ” € 1800°C
in melt on the concentration o
of Cr,O3 in restite observed 0.50 - ---n-nm--- ’ ® e 0 1700°C
in experiments on partial
melting of pyrolite at a
temperature of

1600-1800 °C and pressure
of 7 GPa. Dashed line shows
the concentration of
chromium in the starting
material

A 1600°C

045

Cr20: (wt %) in the melt

035

0.40 | .

0.30 ' L '
0.2 0.4 0.6 0.8 1.0
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a high-chromium restite with the chromium content more than 10 times higher than
the bulk chromium concentration in pyrolite. Subduction of such chromium-rich
protolith of oceanic crust to the garnet depth facies will result in the formation of
essentially knorringitic garnets.
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Chapter 4 )
Structural Patterns of Cr-Bearing Phases <o
and the Influence of Chromium

on the Solid Solutions of the Major

Mantle Minerals and Phase Transitions

4.1 Crystal Chemistry of Cr-Rich Mantle Phases

Crystals of chromium-rich phases of fair diffraction quality synthesized in experi-
ments on the investigation of phase relations in the Si0,—~MgO—Cr, O3 system, have
been studied by means of single-crystal X-ray diffraction. For the selected phases
(majorite—knorringite garnet, akimotoite, bridgmanite, MgCr,O4 with calcium-
titanate-type structure, Mg(Mg,Si,Cr), 0,4 with distorted calcium-titanate structure,
anhydrous phase B, olivine, wadsleyite and ringwoodite), we determined the unit-
cell parameters, the space group, and the mechanism of chromium incorporation in
their structures.

Garnet A crystal of majorite—knorringite garnet of fair diffraction quality was
selected (Fig. 4.1) for the X-ray study from the sample H3420 synthesized at P
= 16 GPa and T = 1600 °C (Bykova et al. 2014). The composition of garnet from
this sample is Mgz (Cr; ssMgg21Sig21)Si301, which corresponds to KnrioMajs, .

Garnet was found to be cubic, space group /a3d, with unit cell parameters a =
11.5718(1) A, V = 1549.54(2) A® (Bykova et al. 2014).

It is important to note that garnet single crystals with such a high content of knor-
ringite component were not synthesized previously. Indeed, the recently produced
garnet with composition Mg3(Cry 69Mg.20S10.20)S13012 (Juhin et al. 2010) was only
characterized by synchrotron X-ray powder diffraction, and the information about
the structural features of knorringitic garnet were still based on the data of computer
modelling for pure knorringite MgzCr,Si301, (a = 11.6040 10\) (Ottonello et al.
1996).

An extended series of solid solutions was obtained for the majorite—knorringite
join in our runs. The general formula of studied garnets is X3 Y,Si30;, where X = Mg
and Y = Mg, Cr, and Si. The X site is eightfold coordinated, the Y-site is octahedral
and the Si site is tetrahedral. The studied garnets are characterized by the coupled
substitution Mg?* + Si** = 2Cr**, where Mg and Si replace Cr in the octahedral
position, whereas the eightfold coordinated and tetrahedral sites are occupied by Mg

© Springer Nature Switzerland AG 2020 91
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Fig. 4.1 a BSE image of an aggregate of euhedral knorringitic garnet crystals (gray) and small
eskolaite (CrpO3) grains (white) synthesized at P = 16 GPa and T = 1600 °C (Sample H3420);
b the crystal structure of Knr—Maj garnet (Bykova et al. 2014)

and Si, respectively. This is supported by the clear negative correlation of chromium
with magnesium and silicon (Fig. 3.11). Increase in Si content in the octahedral
site with pressure is typical of high-pressure phases (e.g., Angel et al. 1989; Yang
et al. 2007). The high concentration of Si (>3.03 p.f.u.; Gasparik 2002) indicates
appearance of the majoritic (Mgs4SisO1,) component (Akaogi and Akimoto 1977).

Five relatively large (up to 100 wm) garnet crystals were selected for the X-ray
single-crystal studies. The studied garnets belong to a wide compositional range
from 3 to 90 mol% Knr (Table 3.1). As it was shown in the Sect. 3.1.2, garnet
with the maximum chromium concentration (30.8 wt% Cr;03), corresponding to
~90 mol% Knr, was obtained at 10 GPa. All garnets are characterized by cubic
symmetry and space group Ia3d. The cell parameter linearly decreases (Fig. 4.2)
with increasing the majorite content from a = 11.5879(2) A (KnrooMajyp) to a =
11.457 A (Knr3Majo;). The cell parameter of pure knorringite calculated by Ottonello
et al. (1996) plots well at the end of our trend (Fig. 4.2). The cell parameter of
garnet with the composition Mgz (Crj 60Mg0.20S510.20)S1301; studied by X-ray powder
diffraction (Juhin et al. 2010) plots at a considerable distance from our linear trend.
The compositions and lattice parameters of garnets on the majorite—knorringite join
are summarized in Table 4.1.

It is important to note that the cubic/tetragonal transition in garnet with high
majorite content (~75-80 mol% Maj) registered along the majorite—pyrope join
(Akaogi and Akimoto 1977; Parise et al. 1996) is not observed in the majorite—knor-
ringite system. Essentially, majoritic garnet with low chromium content (3 mol%
Knr, Sample 2425-5) does not show ordering of Mg and Cr being characterized by
the cubic symmetry (space group /a3d) (Table 4.1). The shape of the high-6 reflec-
tions (e.g., 800) collected at 26 & 28.6° for garnets from samples 2425-5 with 3 mol%
Knr and 2526-100 with 90 mol% Knr (Fig. 4.3) shows that there is no split of the
800 reflection induced by a twinning or tetragonal distortion. Our results (Sirotkina
et al. 2015) are contrastingly different from the data on the majorite—pyrope join


https://doi.org/10.1007/978-3-030-27018-6_3
https://doi.org/10.1007/978-3-030-27018-6_3
https://doi.org/10.1007/978-3-030-27018-6_3

4.1 Crystal Chemistry of Cr-Rich Mantle Phases 93

S
Calculated value for

11.60F pure knorringite g
' o /

2526-100~

11.56 H3420 J

2438-60

a(A)

C  This study ]
< [Juhin et al., 2010]
m [Ottonello et al., 1996]

2399-10

44 1 1 1 | | I | 1 I-
LS 20 40 60 80 100

Content of Knr in garnet, mol %

Fig. 4.2 Variations in unit cell parameters as a function of composition for knorringite—majorite
garnets synthesized in the majorite (MgsSisO12)—knorringite (Mg3Cr,Si3012) system (Sirotkina
et al. 2015). The calculated cell parameter (solid square) of pure knorringite (Ottonello et al. 1996)
and unit cell parameter obtained by the powder X-ray diffraction (open rhomb) (Juhin et al. 2010)
are shown for comparison. Sample H3420 is the synthetic garnet studied by Bykova et al. (2014)

Table 4.1 The lattice parameters of garnets in the majorite—knorringite join

Run number | Garnet composition Loattice parameters | V (A% References
(A)
Knorringite | Mg3Cr;SizO12 11.6040 1562.51 Ottonello et al.
(1996)
2526-100 Mg3.10Cr180Si3.10012 | 11.5879(2) 1556.02(3) | This study
H3420 Mg321Cry 58Si321012 | 11.5718(1) 1549.54(2) | This study
2438-60 Mg338Cr1 2451338012 | 11.5445(5) 1538.61(6) | This study
2423-15 Mg3 58Cro84Si353012 | 11.5187(6) 1528.33(1) | This study
2399-10 Mg3.83Cro24Si388012 | 11.4725(4) 1510.00(1) | This study
2425-5 Mg3.97Cr006Si3.97012 | 11.457(3) 1503.99(5) | This study
Majorite Mg4SisOp2 11.5186(4)(a); 1515.25 Heinemann et al.
11.4204(4)(c) (1997)

reported by Heinemann et al. (1997), who showed splitting of the reflection (400)
and explained this by ordering between Mg and Si in the octahedral sites, which is
typical of reduction of symmetry to tetragonal. Thus, our data show that even a small
concentration of chromium stabilizes the cubic symmetry of garnet.

Garnets of the knorringite—majorite series synthesized at 12 (Sample 2401-100),
14 (Sample 2403-100), and 16 GPa (Sample 2404-100) from the KnrgoMaj, starting
composition were studied by Raman spectroscopy (Bykova et al. 2014). Figure 4.4
shows a comparison of the Raman spectra of crystals studied in our work with
those collected on pure majorite and uvarovite. The main peak for majorite (near
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Fig. 4.3 Reflection (800) of the cubic structure of majoritic garnets collected at about 26 = 28.6°
(Samples 2526-100 and 2425-5)
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Fig. 4.4 Raman spectra of knorringite—majorite garnets (Samples 2404-100 (16 GPa), 2403-100

(14 GPa), 2401-100 (12 GPa), this study) in comparison with majorite (http://www.ens-lyon.fr/IST/
raman/spectres/majorite.pdf) and uvarovite (Bykova et al. 2014)
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600 cm~!) has been addressed as a Si-O-Si bending vibration involving both the
[SiO4] tetrahedra and [SiOg] octahedra also present in the structure of this high-
pressure garnet (McMillan et al. 1989). During the formation of the Knr—Maj garnet
solid solution, the Raman peak becomes more broad and weak. This peak splits into
three peaks of lesser intensity defined in the range 550720 cm™!. It is important
to note that the intensity of the peaks at 552 and 717 cm~' decreases with pressure
(with increasing content of the majorite component in the garnet composition), in
contrast to the 627 cm™! peak.

The well-defined sharp mode at 936 cm™! is attributed to internal vibrations of the
[SiO4] units, similar to those in normal garnets. For uvarovite, the peak of this kind
moves to the area of the lower Raman shift (894 cm~!). Knorringite—majorite gar-
nets are characterized by the formation of a broad stage that expands with decreasing
majorite content in garnet (decreasing pressure). As a result, we can see the forma-
tion of some peaks within the Raman shift range from 850 to 950 cm™!. Increase
in the majorite content (with pressure) in garnet results in increase of intensity of
943-947 cm™! peaks.

MgSiO3; Akimotoite As it was noted above (Sect. 3.1.1), for Cr-poor bulk composi-
tions (0—10 mol% Knr in the starting composition), a single-phase field represented
by MgSiO; akimotoite opens up at pressures >~17 GPa. Chromium was found to
substitute for both Mg at the octahedral X site and Si at the octahedral Y site, again
consistent with a coupled Tschermak-style substitution Mg?* + Si*t = 2Cr’*.

The ideal structural formula of the synthesized Cr-rich akimotoite may be pre-
sented as (Mg _,Cr,)(Si;_,Cr,)O3, where x = 0.015, 0.023, and 0.038. Akimotoite
was found to have a trigonal symmetry with a space group R3. The akimotoite crystal
structure is based on an ordered derivative of the corundum structure, with Mg2+ and
Si** ions occupying alternating layers perpendicular to the trigonal ¢ axis (Fig. 4.5).

The unit-cell parameters of MgSiOs akimotoite are only slightly affected
by the entry of Cr into the structure. We observed a general expansion of
the unit cell, mainly related to the increase in the a parameter (by 4.5%)
from pure MgSiO; (Horiuchi et al. 1982) to pure Cr,O3; (Ovsyannikov and
Dubrovinsky 2011). The variation in the ¢ parameter is more modest, increasing
only by 2% (Bindi et al. 2014a). The studied crystals of Cr-akimotoite
are characterized by the following compositions and cell parameters:
(Mg0.085C10.015)(Si0.085Cr0.015)03, a = 4.7336(1) A, ¢ = 13.5596(2) (run 2530-5);
(Mgo‘977Cro‘023)(Sio_977Cr0_023)O3, a = 47348(1) A, Cc = 135603(2) (run 2415-10);
(Mg0‘962Cr0‘03g)(Sio_%zcro_o38)03, a= 47380(1) A, c=13.561 1(2) (l‘lll‘l 2410—30)

Further increase in pressure (>20 GPa) results in the formation of chromium-
rich bridgmanite. The crystal structure and chemical composition of a crystal of
Mg_Cr,)(Si;_,Cr,)Os perovskite (with x = 0.07) have been studied by single-
crystal X-ray diffraction. Chromium was found to substitute for both Mg at the
dodecahedral X site (with a mean polyhedral distance of 2.187 A) and Si at the
octahedral Y site (mean: 1.814 A), according to the scheme Mg?* + Si* = 2Cr3*.
Such substitutions cause a shortening of the <X—O> and a lengthening of the <Y-O>
distances with respect to the values typically observed for pure MgSiO3 perovskite.
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LS

Fig. 4.5 Crystal structure of MgSiO3 akimotoite projected down [010]. The vertical direction
represents the c-axis. Mg- and Si-octahedra are depicted in dark and light gray, respectively. The
unit cell is outlined (Bindi et al. 2014a)

The compound was found to be orthorhombic, space group Pbnm, with the fol-
lowing lattice parameters a = 4.8213(5), b = 4.9368(6), ¢ = 6.9132(8) A v=
164.55(3) A? (Bindi et al. 2014b). Chromium-bearing bridgmanite is characterized
by the perovskite-type structure. However, the differences from the typical perovskite
structure are very remarkable due to tilting of almost ideal Si octahedra (B site) and
strong distortions of Mg polyhedra (A site), which change the coordination of an
undersized A cation from 12 to 8. Here we can see the shortening of the <X—O> and
a lengthening of the <Y—O> distances with respect to the values typically observed
for pure MgSiO; perovskite (Horiuchi et al. 1987). In Cr-bridgmanite, Mg and Si
atoms are specifically ordered in the dodecahedral and octahedral sites.
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As it was shown above, all phases with the composition of Mg,;SiO4
(olivine/wadsleyite/ringwoodite) synthesized in the Fo—-MChr system contain
chromium.

Chromium-bearing olivine with 3.2 wt% Cr,O3; was obtained at 10 GPa and
1600 °C (run 2632-30). The compound was found to be orthorhombic, space group
Pbnm, with lattice parameters a = 4.752(1), b = 10.195(4), ¢ = 5.979(2) A V=
289.98(9) A3,

Increase in pressure results in the formation of chromium-rich wadsleyite.
A crystal of Cr-wadsleyite (run 2646-10, 14 GPa) of fair diffraction quality
was selected for the refinement of structure from single-crystal X-ray diffrac-
tion. The orthorhombic unit-cell parameters are the following: a = 5.6909(5) A,
b = 11.4640(10) A, ¢ = 8.2406(9) A, V = 537.62(9) A3, Z = 8, the space
group Imma (Sirotkina et al. 2018b). The crystal structure of Cr-Wad is in a
good agreement with previously reported structural data for chromium-rich wad-
sleyite (Zhang et al. 2016) and is similar to those of other wadsleyite-related
compounds. The formula of wadsleyite obtained from the XRD refinement is:
M1 (Mg],oo)Mz (Mg0,95CYO.OS)M3 (Mgo,gscro.os)z T(Si0.93cr0.07)208 (Z = 4), which
corresponds to the simplified formula: (Mgl.%Crg}Lﬂ) (Si(),ggCrSB7)O4 (Z =28).

On the whole, the structural topology of chromium-rich wadsleyite is nearly iden-
tical to that of pure wadsleyite (Hazen et al. 2000). Zhang et al. (2016) pointed out
that in Cr-bearing hydrous wadsleyite, Cr shows strong preferences for M3 over M1
and M2 sites and it also enters the tetrahedral site (T site); Mgl does not host Cr in
the structure of anhydrous wadsleyite, whereas Mg2 and Mg3 host the same amount
of chromium. This crystal-chemical scenario is reflected in the bond distances: the
<Mg1-O> bond distance (2.071 A) is nearly identical to that observed in pure wad-
sleyite (2.069 A; Hazen et al. 2000), whereas the <Mg2—O> and <Mg3—O> bond
distances (2.081 and 2.085 A, respectively) are shorter than the corresponding values
in pure wadsleyite (2.085 and 2.089 A; Hazen et al. 2000), due to the entry of the
smaller Cr** cation. Noteworthy, the mean <Si—O> bond distance (1.654 A) is unaf-
fected by the Cr-for-Si substitution (<Si—O> bond distance for Cr-free Wad (Hazen
et al. 2000) is 1.654 A).

The unit cell parameters were determined by single-crystal X-ray diffraction for
two wadsleyite crystals with different chromium contents. The studied Cr-Wad crys-
tals are orthorhombic with space group /mma and lattice parameters a = 5.690(1),
b = 11.456(4), c = 8.250(2) A, V = 537.81(4) A> (18 GPa, run 2639-10) for the
composition Mg; 95Crg 10Sip.9504; a = 5.686(2) A b= 11.452(6), ¢ = 8.246(4), and
V =537.02(1) A3 (19 GPa, run 2645-10) for the composition Mg 93Crg 14S10.9304.

Further increase in pressure results in the formation of ringwoodite with a higher
chromium content. Cr-bearing Rgw (21 GPa, run 2649-10) with the composition
Mg 95Cro 045109304 is characterized by cubic symmetry, space group F d3m, and
lattice parameters a = 8.063(2), V = 524.23(1) A3. This value is slightly lower than
the a parameter observed for pure Mg,Si04 Rgw (Hazen et al. 1993).

The mechanisms of Cr incorporation in Wad and Rgw are different. The substi-
tution scheme for Cr** cannot be uniquely determined from the stoichiometry only.
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We can identify the typical substitution mechanisms for wadsleyite using both the
stoichiometry of wadsleyite and the original structural data. The possible substitu-
tion mechanisms for Cr** incorporation in wadsleyite were previously reported by
Gudfinnsson and Wood (1998). These authors considered the following schemes:
(1) 3Mg?* = 2Cr** + vac, where Cr replaces Mg in the octahedral sites, and the
Si content should remain constant (2.0 p.f.u.); (2) 2VICr3* + VMg?* = 2VIMg>* +
VSi** suggesting the strong octahedral preference of Cr**, whereas Mg?* replaces
tetrahedral Si** leaving Cr** exclusively in octahedral sites; (3) VICr** + VCr3* =
VIMg?* + IVSi**, where Cr’** enters both tetrahedral and octahedral sites replacing
Si and Mg respectively. Considering the composition of the studied wadsleyite on a
ternary Si—-Mg—Cr diagram (Fig. 4.6), it is evident that the second and third substitu-
tion mechanisms illustrate the entry of the MgCr,O4 end-member to the wadsleyite
structure. Hence, we can see that the composition of chromium-rich wadsleyite can
be described by one of these two reactions.

The probable mechanism of Cr incorporation in Wad is also evident from the neg-
ative correlation between Cr and Si (Fig. 4.7) with an angular trend line coefficient
of —0.5 observed for Wad. Thus, we deal with cation substitutions in both tetrahe-
dral and octahedral sites. In the first mechanism, Mg replaces Si in the tetrahedral
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Fig. 4.6 Cr-Mg-Si diagram illustrating the possible mechanisms and trends of Cr incorporation
in wadsleyite: (1) 3 Mg?* = 2Cr3* + vac, (2) 2VICr3* 4+ VMg = 2VIMg?* + IVSi**, and (3)
VIes* + Verdt = ViMg?* + 1VSi*+ (Gudfinnsson and Wood 1998)
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Fig. 4.7 Negative correlation between Cr and Si (a) and Cr and Mg (b) in wadsleyite synthesized
in the system Mg, Si04—MgCr,04 at 12-19 GPa and 1600 °C
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site (inducing an increase in the size) and Cr substitutes for Mg in the octahedral
sites (inducing a decrease in the size). The second mechanism has a similar effect,
which is expressed in Cr substitution for both Si in the tetrahedral site (inducing
an enlargement) and Mg in the octahedral site (inducing a decrease). It seems that
lengthening of the T-O bond distances is perfectly counterbalanced by shortening
of the M—O bond distances, thus provoking an almost unchanged unit-cell volume
(Fig. 4.8). However, single-crystal X-ray observations show that the third substitution
mechanism is preferable for wadsleyite.

Rgw is characterized by the negative correlation between Cr and Si with an angular
coefficient of —0.5 (Fig. 4.7). Rgw has the spinel-type structure and, therefore, we
suggest a different mechanism for Cr incorporation in this phase: Mg substitutes for Si
in the tetrahedral site, whereas Cr fully enters Mg-octahedra by the following scheme:
2VICr* 4+ VMg = 2VIMg?* 4 1VSi**. This substitution would be analogous to that
observed in spinel MgAl,O4 with addition of the MgCr,O4 component. The unit-
cell volume of Rgw decreases more significantly due the Mg-for-Cr and Si-for-Cr
substitutions in comparison with Wad (Fig. 4.8).

XRD study of a Cr-bearing (Cr = 0.08 atoms per formula unit) ringwoodite crys-
tal synthesized at 20 GPa and 1600 °C in the magnesiochromite (M Chr)—forsterite
(Fo) system showed that it had a completely inverted structure leading to the ideal
formula [MgSi]MgO,4 (Bindi et al. 2018). Inverse ringwoodite (iRgw) is associated
with Mg,Cr,0s phase with modified ludwigite-type structure (mLd), and garnet
(Grt) (Fig. 4.9) and has the following composition: [Mg; 96(s5)Si0.96(3)Cro.08(3)]1O04.
The compound is cubic with space group Fd3m and the following unit-cell parame-
ters: a = 8.2364(2) A, V = 558.74(4) A%, and Z = 8. It is interesting, that the cubic
unit-cell volume is 558.74(4) A, 1.4(1)% less than that reported for the natural BWJ
ringwoodite with inverse-spinel structure (Griffin et al. 2016) (566.8 A), yet 5.9%
greater than normal ringwoodite (Hazen et al. 1993) (525.7 A). Mean bond distance
of (Mg,Si)-octahedron (1.970(2) A) of the synthesized phase is characterized by the
intermediate position between the value of 2.072 A observed for normal ringwood-
ite (Hazen et al. 1993) (with all Mg in the octahedral site) and 1.757 A observed
for stishovite (Hill et al. 1983). The Mg-tetrahedron shows a mean bond distance
of 1.945(4) A, slightly larger than the tetrahedral Mg in Ca,MgSi,O7 akermanite
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Fig. 4.9 SEM-BSE image
of the experimental sample
(run 2649-30) obtained at P
=20 GPaand T =1600 °C
with the magnesiochromite
(M Chr)—forsterite (Fo)
composition MChrzgFo7g
(Bindi et al. 2018). Inverse
ringwoodite (iRgw)
dominated the run products,
accompanied by Mg>Cr,Os
(mLd) and garnet (Grt)

(1.92 A) (Kimata and Ii 1981). Similar values were found for the B-O and A—O
mean bond distances for the natural BWJ spinel (Griffin et al. 2016), i.e. 1.945 and
1.984 A, respectively. Cr is totally concentrated in the octahedral site together with
Mg and Si, consistent with the typical coordination of Cr** with oxygen. Likewise, in
the BWJ phase (Griffin et al. 2016), the minor Fe and Al were found to be disordered
at the octahedral site together with Mg and Si.

MgCr, 0, phase with the calcium titanate-type structure is stable at a pressure
of >18 GPa for chromium-rich bulk compositions of the Maj—Knr and Fo—-MChr
systems. The compound was found to crystallize with the orthorhombic symmetry,
space group Bbmm, and the following lattice parameters: a = 9.468(1), b =9.670(1),
c=2.845(1) A, V =260.5(1) A3 (Bindi et al. 2014c). Magnesium was found to fully
occupy the eightfold-coordinated A site (with a mean bond distance of 2.289 A) and
Cr, the octahedral B site (mean: 1.986 10\). The successful synthesis of MgCr,O4 with
(CaTi,04)-type structure and its structural characterization demonstrate the stability
of the new post-spinel phase.

Mg(Cr,Mg)(Si,Mg)O, with a distorted orthorhombic calcium titanate
(CaTi, 0,)-type structure is stable in the pressure range of 12—18 GPa for Cr-poor
bulk compositions in the Mg, Si04—MgCr, 04 system. The compound was found to
be orthorhombic, space group Cmc2;, with lattice parameters a = 2.8482(1), b =
9.4592(5), ¢ = 9.6353(5) A, V = 259.59(1) A3, and Z = 4 (Bindi et al. 2015).

The difference from the classic Cmcm space group (Bindi et al. 2014¢; Yamanaka
etal. 2008) and the loss of the inversion center is due to the ordering of the octahedral
cations, which is required to either account for the electron density at those sites
or justify the variation of the octahedral bond distances. In detail, Cr (with minor
Mg) is mainly hosted at the M1 site, Si (with minor Mg) is hosted at the M2 site,
whereas the eightfold-coordinated site is fully occupied by Mg. The linkage among
the octahedra is provided by edge and corner sharing. Such an ordered distribution
induces a distortion thus provoking a change in coordination of Mg (Fig. 4.10), which
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(a) (b)

Fig. 4.10 Coordination environment of the Mg polyhedron in the crystal structure of
Mg(Cr,Mg)(Si,Mg)0O4 (a) and in MgCr,0y4 (b, Bindi et al. 2014c). M1 (Cr,Mg) and M2 (Si,Mg)
cations are depicted as dark gray and white polyhedra, respectively, whereas the eightfold-
coordinated Mg cations as black spheres. The long Mg-O1 bond distance in the structure of
Mg(Cr,Mg)(Si,Mg)0O; is indicated with a dashed line

becomes sevenfold-coordinated instead of the usual eightfold coordination observed
in post-spinel phases (Yamanaka et al. 2008).

The crystal structure and chemical composition of a crystal of
Mg14—xCry)(Sis_xCry)O24 (x ~ 0.30) anhydrous Phase B (anhB) synthesized
in the model system MgCr,O4—Mg;SiO4 at 12 GPa and 1600 °C have been also
investigated (Bindi et al. 2016). The compound was found to be orthorhombic, space
group Pmcb, with the following lattice parameters: a = 5.900(1), b = 14.218(2),
¢ =10.029(2) A, V = 841.3(2) A? and Z = 2. Chromium was found to substitute
for both Mg at the M3 site (with a mean bond distance of 2.145 A) and Si at the
octahedral Sil site (mean bond distance: 1.856 A), according to the reaction Mg?*
+ Si** = 2Cr**. Such substitutions cause a reduction in the volume of the M3 site
and an increase in the volume of the Si-dominant octahedron with respect to the
values typically observed for pure anhB (Finger et al. 1989, 1991) and Fe?*-bearing
anhB (Hazen et al. 1992).

Some experimental samples obtained in the Fo—-MChr system at 12—-24 GPa con-
tain a more chromium-rich Mg,Cr,05 (mLd) high-pressure phase, which has been
studied by Ishii et al. (2017) using single-crystal X-ray diffraction. The authors
show that the Mg, Cr, 05 phase has modified ludwigite (mLd)-type structure (space
group: Pbam), and the lattice parameters are a = 9.6091(2), b = 12.4324(2), ¢
= 2.8498(1) A, V = 340.44(1) A? (Z = 4). The mLd structure has four different
(Mg,Cr)Og octahedral sites (M1-M4) with partially disordered Mg?* and Cr** and
a MgOg trigonal prism site (M5) in tunnel space formed by edge- and corner-shared
M1-M4 sites.
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4.2 Influence of Chromium on Structural Patterns
of Mantle Phases and Phase Transitions

Itis evident from some theoretical and experimental studies (e.g., Zhang and Weidner
1999; Panero et al. 2006; Andrault 2007) that even small concentrations of minor
elements (for example Al and Cr) significantly influence the unit cell parameters,
density and compressibility of major mantle minerals. In this regard, the use of pure
MgSiOj3-akimotoite and MgSiO3-bridgmanite for modelling the composition and
properties of the transition zone and lower mantle can simplify and distort the real
situation.

‘We believe that the most correct approach is to compare the influence of two minor
elements (aluminum and chromium) on the unit-cell parameters of deep minerals
(garnet, akimotoite and bridgmanite). This is due to the fact that the experimental
works of recent years provided some quantitative information on the influence of
these minor elements on structural features of deep mantle phases (Andrault 2007
and others), and very thoroughly evidenced their influence on the majorite-pyrope
and knorringite-pyrope solid solutions.

Previously it was established that an increase in the content of majorite compo-
nent in garnet along the majorite-pyrope join results in the gradual increase in cell
parameters and, then, in the cubic/tetragonal transition (Akaogi and Akimoto, 1977,
Parise et al. 1996). This transition occurs at a high majorite content (>80 mol% Maj)
(Parise et al. 1996). Chromium-bearing majoritic garnet is characterized by decreas-
ing the unit-cell parameters with increasing of majoritic component (Fig. 4.2) due
to the coupled substitution 2Cr** = Mg?* + Si** (r(VICr**) = 0.615; r(V'Mg?) =
0.72; r(V1Si**) = 0.40). It is important to note that even a small concentration of
chromium stabilizes the cubic symmetry of majoritic garnet (3 mol% Knr).

As it was shown above, incorporation of chromium in akimotoite results in the
increase of the a parameter from pure MgSiO3 (Horiuchi et al. 1982) to pure Cr,O3
(Ovsyannikov and Dubrovinsky 2011) with lesser variations in the ¢ parameter (Bindi
etal. 2014a). An opposite behaviour was observed for Al-bearing MgSiO3 akimotoite
(Fig. 4.11) (Akaogi et al. 2002). With increasing the Al content in the structure,
indeed, a progressive decrease in the ¢ parameter and a substantially unchanged
a parameter was observed, which resulted in general reduction in the unit-cell the
volume of akimotoite (Akaogi et al. 2002).

The unit-cell parameters of bridgmanite are strongly influenced by the entry of
Cr into the structure (Bindi et al. 2014b), whereas the influence of aluminium is less
significant. Incorporation of both chromium and aluminium in bridgmanite results
in general increase of the cell volume (Fig. 4.11) in comparison with that of pure
MgSiO3 bridgmanite (Dobson and Jacobsen 2004). For Cr-rich bridgmanite, we
observed an increase of all the values with the most affected being the a parameter,
whereas the increase in the b and ¢ parameters is insignificant (Bindi et al. 2014b).
Al-bearing bridgmanite shows the opposite trend (Kojitani et al. 2007).

Thus, we can conclude that incorporation of chromium increases the unit-cell
parameters of some high-pressure phases, such as bridgmanite and akimotoite,
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Fig. 4.11 Influence of chromium and aluminium on unit-cell volumes of akimotoite (Kojitani et al.
2007) and bridgmanite (Dobson and Jacobsen 2004)

whereas the influence of chromium on the wadsleyite and ringwoodite structures
is less pronounced. As it is evident from natural and experimental data, bridgmanites
are often characterized by significant aluminium contents, whereas the content of
chromium in them is much lower. This fact can be explained by the different effects
of Cr and Al on the increase of the cell volume of bridgmanite (Fig. 4.11). Incor-
poration of aluminum in high-pressure bridgmanite is more preferable than that of
chromium due to less significant expansion of the unit cell of bridgmanite.

Figure 4.12 shows a comparison of the chromium and aluminium influence on the
cell volume of garnet and bridgmanite. Bridgmanites are characterized by slightly
different trends for Al and Cr incorporation (~3°), whereas entry of Cr and Al in
garnet results in significant difference between cell volumes of knorringite- and
pyrope-rich garnets (~37° between Maj—Prp and Maj—Knr trends). In contrast to
the majorite—pyrope system with decrease of the cell volume with increasing pyrope
content, the majorite—knorringite join shows an increase of the cell volume with
increasing knorringite content (Figs. 4.2 and 4.12).

To understand the influence of chromium on the structure of the deep minerals, we
used the octahedral angle variance (c2), which was proposed to describe the degree
of distortion of coordination polyhedra (Robinson et al. 1971). Interestingly, the
Cr-for-Mg substitution induces a regularization of the X octahedral site controlled
by decrease in the octahedral angle variance o (Table 4.2), which changes from
143.43 in pure MgSiO; (Horiuchi et al. 1982) to 45.47 in Cr,O3 (Ovsyannikov and
Dubrovinsky 2011). Such a decrease in distortion is also evident for the Cr-for-Si
substitution which changes from 52.77 in pure MgSiO; (Horiuchi et al. 1982) to
45.47 in Cr,03 (Ovsyannikov and Dubrovinsky 2011).

The opposite behaviour is typical of Cr-bridgmanite. The Cr-for-Si substitution
also induces a distortion of the octahedral site quantifiable with an increase of the
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Fig.4.12 Influence of chromium and aluminum on the unit-cell volumes of garnet and bridgmanite.
The data for pure MgSiO3 Brd are taken from Dobson and Jacobsen (2004); Al-Brd (Kojitani et al.
2007); Al-Maj and Al-Grt (Parise et al. 1996)

octahedral angle variance o> (Robinson et al. 1971) from 1.56 in pure MgSiOs
(Dobson and Jacobsen, 2004) to 7.48 in the studied crystal. A similar value (o2
= 7.63) can be calculated for (Mg;_xAlx)(Si;_xAlx)O3 with x = 0.050 (Kojitani
et al. 2007). Thus, substitution of a trivalent cation for Si in the perovskite structure
increases the distortion of the almost ideal [SiO¢] octahedra.

We examined the effect of Al on chromium-rich high-pressure phases such as
Mg,Cr,05 with modified ludwigite-type structure (Kojitani et al. 2010; Ishii et al.
2017) and MgCr,04 with calcium titanate-type structure (Bindi et al. 2014c). High-
pressure phase Mg, Al,Os is characterized by smaller lattice parameters and unit-cell
volume (V = 319.03(3) A%). The important factor for the stabilizing of the mLd-type
structure is a high octahedral-preference of Cr** and A1**; thus, Mg?* fully occupies
the trigonal-prism site.
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Table 4.2 Octahedral angle variance for akimotoite and bridgmanite depending on chromium
content

Ak (Mg;_,Cry)(Si;_,Cry)O;

x=0 | x=0015 | x=0023 | x=0038 | x=1
o2 for MgOg octahedra

143.43¢ 14157 | 136.09 | 126.94 | 45470
o2 for SiO¢ octahedra

52.77* | 52.33 | 49.53 | 46.27 45470
Brd (Mg_Crx)(Si;_4Crx)O3

x=0 | x=0.072

o2 for SiOg¢ octahedra

1.56° | 7.48

4Horiuchi et al. (1982), bOvsyannikov and Dubrovinsky (2011), “Dobson and Jacobsen (2004)

Kojitani et al. (2007) studied the MgAl,04—Mg;SiO4 system up to 60 mol%
MgAl,O4 at 20-27 GPa and 1600 °C. The authors showed that MgAl,O, with cal-
cium ferrite-type structure is stable at pressures above 23 GPa. The Si content in
Cf phase decreases with pressure (Kojitani et al. 2007). An opposite behaviour was
observed for MgCr, 04 with calcium titanate-type structure. We observed an increase
in the Si content of this phase with pressure (Sirotkina et al. 2018a). Another impor-
tant difference is observed for incorporation of Si in the structure of post-spinel
phases. The highest solubility of Mg,SiO,4 in Cf is 35 mol% at 24 GPa (Kojitani
et al. 2007), whereas the Fo content in Ct does not exceed 20 mol% (Sirotkina et al.
2018a). However, it is important to note, that an increase in the Si content in the sys-
tem results in the formation of a Si-rich new post-spinel phase Mg(Cr,Mg)(Si,Mg)O4
with a distorted calcium-titanate (CaTi,Oy) structure type (Bindi et al. 2015).

The influence of chromium on the phase relations in the Mg(Cr,Al);O4 system
is also significant. As is evident from our studies (Sirotkina et al. 2018a), MgCr, 04
(MChr) decomposes into Mg,Cr,0s + Cr,O3 phase assemblage at ~12 GPa and
1600 °C. This association changes to MgCr,O4 with calcium titanate-type (Ct) struc-
ture at ~18 GPa and 1600 °C. With increasing pressure, MgAl,O4 decomposes with
the formation of MgO + Al,O3 phase assemblage at 1600 °C in the pressure range
of 18-26 GPa (Kojitani et al. 2007, 2010). MgAl,O4 (Sp) dissociates into Mg, Al,Os
+ Al,O3 at ~20 GPa and 2000 °C. The formation of MgAl,O4 (Cf) occurs at a
pressure of 26 GPa and 2000 °C (Kojitani et al. 2010). Comparison of the parame-
ters of phase transitions for MgAl,O4 and MgCr,0,4 suggests that with increasing
chromium content in the system, the pressure and temperature of transition might
slightly decrease. Thus, substitution of AI** with Cr** will expand the stability field
of (Mg»(Cr,Al);0s + (Cr,Al),03) to the lower pressure and temperature area.

Based on the results of our runs and previously published data (Sirotkina et al.
2015), we assume that even a small Cr admixture in deep minerals has a certain effect
on the physical properties of deep minerals and local migration of the global seismic
boundaries in the Earth’s mantle. Likewise, Dymshits et al. (2014) showed that the
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addition of ~20 mol% of Knr component to pyropic garnet (which corresponds to
the actually measured concentrations in natural garnets from inclusions in diamonds)
decreases the P- and S-velocities by 1.6% and the density of garnet increases by 1.7%
compared to pure pyrope. These results show the importance of accounting for Knr
end-member in accurate estimation of mantle garnet acoustic velocities.
Interpretation of the deep seismic boundaries is based on the different models
of the mantle composition. The pyrolite model (Ringwood 1966) suggests the key
role of the phase transformations of (Mg,Fe),SiO4 (=57 vol% OI in pyrolite) in
the formation of global boundaries: Ol = Wad (~15 GPa, “410” km), Wad = Rgw
(~20.5 GPa), Rgw = Prv + fPer (~23 GPa). Figure 4.13 shows the relative posi-
tions of the major phase transitions in the model systems Mg, Si4O1,—Mg3Cr,Si3O1,
(Sirotkina et al. 2015) and Mg, Si04—MgCr,O4 (Sirotkina et al. 2018a) depending on
the bulk Cr concentrations. It is established that addition of Cr to the system moves
the boundaries of phase transformations Ol/Wad and Wad/Rgw to the lower pressure
area. Increase in the Cr concentration results in expansion of the area of Ol/Wad and
Wad/Rgw phase transitions at the expense of appearance of divariant fields (Ol +
Wad, Wad + Rgw), which may explain the gradual character of the “410” and “520”
boundaries in some local areas of the mantle (Van der Maijde et al. 2003).
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Fig. 4.13 Generalized diagram of phase assemblages of Cr-bearing minerals in the Earth’s man-
tle based on the results of experiments in the MgySiO4—MgCr,04 (Sirotkina et al. 2018a) and
Mg4Sis012-Mg3Cr;Si301, (Sirotkina et al. 2015) at 10-24 GPa and 1600 °C
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These seismic boundaries may be explained by other phase transitions as well.
For example, the formation of the “410”, “520”, and “660” boundaries is interpreted
by transitions in the (Mg,Fe)SiO3 constituent of the pyrolytic mantle: Maj (garnet-
type structure)-Ak (ilmenite-type structure)-Brd (perovskite-type structure) (Vacher
et al. 1998). The results of some geophysical studies suggest local “splitting” of the
“520” and “660” seismic boundaries (Deuss and Woodhouse 2001). In addition, all
three boundaries are heterogeneous by the depth and thickness.

With increasing pressure, Cr-bearing MgSiO3; Ak becomes unstable and trans-
forms to the perovskite-type phase (Brd) at ~19-21 GPa. Cr incorporation changes
the cell volume of Brd significantly and increases the mineral density. An effect of Cr
incorporation is mostly impacted on the decrease of pressure of bridgmanite forma-
tion from ~22 GPa for pure MgSiO; to ~19.5 for chromium-bearing Brd (Sirotkina
et al. 2015). Thus, addition of Cr to the system results in migration of the Ak/Brd
boundary to a lower pressure area in comparison to the Cr-free system (Fig. 4.13).
One more effect of increasing Cr concentration may be reflected in the local gradual
character of the sharp boundaries at the expense of appearance of the Maj + Ak, Maj
+ Brd, and Ak + Brd divariant fields.
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Chapter 5 )
Implication of Experimental Results i
to Geochemistry of Cr in the Earth’s

Mantle

The phase associations occurring at various depths of the Earth’s mantle are widely
abundant among inclusions in natural diamonds (Stachel 2001; Moore and Gurney
1985; Scott Smith et al. 1984; Harte et al. 1999; and others). The complex analysis
of the P-T regime of the mantle allows us to define a series of phase transitions
and chemical reactions along the adiabatic P-T gradient under the conditions of the
asthenosphere (>200 km) and transition zone (410—660 km). From the point of view
of the possibility of chromium accumulation, let us analyze the major high-pressure
phases obtained in experiments and established in nature.

Figure 5.1 illustrates the modal composition and phase relations in the Earth’s
mantle (Harte 2010; Stixrude and Lithgow-Bertelloni 2007; Perrillat et al. 2006). As
it is evident from the diagram, the P-T conditions of our experiments (10-24 GPa,
1600 °C) are in a good agreement with certain temperatures and pressures in the
mantle. It is assumed that the upper mantle has the pyrolytic composition (Ringwood
1966). This hypothetical rock (pyrolite) is mostly composed of olivine, pyroxene,
and garnet with the bulk proportions of 4:2:1. With increasing pressure, the phase
composition changes towards the higher garnet content, so that garnet may compose
up to 50 vol.% of the transition zone (Ringwood 1991). According to the model of
Ringwood (1966), the concentration of Cr,O3 in pyrolite is ~0.42 wt%.

According to the results of experiments in the Maj—Knr and Fo—-MChr systems,
experimental data on the systems with more complex (multicomponent) composition
(Irifune and Ringwood 1987; Hirose 2002; Irifune 1987), as well as the huge volume
of information on inclusions in natural diamonds, there is a number of mantle minerals
which may contain chromium.

Among the host phases for chromium in the upper mantle are chrome-spinel,
chromium-bearing pyroxene, and knorringitic garnet. However, garnet is the major
phase concentrating chromium, since the contents of Cr,O3 in garnets may be high
within the whole range of garnet stability including the field of majoritic garnet.

As it was shown in Sect. 2.1.2, two high-pressure components are typical of man-
tle garnets: majorite and knorringite. Analysis of the natural material in combination
with the results of experiments at high P-T provides unambiguous evidence for the
mechanism of incorporation of the majorite end-member in garnet is Cr** 4+ A" =

© Springer Nature Switzerland AG 2020 111
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Mg?* + Si** (Ringwood and Major 1971). With increasing pressure, the concentra-
tion of both Cr and Al in garnet decreases (Akaogi and Akimoto 1977; Irifune 1987),
whereas the contents of Si in the octahedral site, as well as divalent cations (Ca, Mg,
and Fe) and Na progressively increase (Ono and Yasuda 1996), which results in the
formation of garnet with >3 Si p.f.u. This is explained by dissolution of the pyroxene
end-members (mainly (Mg, Fe)SiO3) in garnet starting from a pressure of 7.5 GPa
(Wang et al. 1998); with increasing pressure, the solubility of pyroxene in garnet
increases reaching significant values at pressures of 10—15 GPa corresponding to the
lowermost parts of the upper mantle and transition zone.

Incorporation of Cr in some majoritic garnets of the ultrabasic paragenesis illus-
trates the complex relationships between the composition of such garnets and pres-
sure and for the concurring behavior of majorite and knorringite components in this
mineral. The knorringite end-member may be found in the composition of garnet
even at 3 GPa (beyond the diamond depth facies), whereas the content of chromium
becomes significant (5—10 wt% Cr,O3 and higher) within the range of crystalliza-
tion of most of the natural diamonds (4-7 GPa) (Malinovskii et al. 1975), which is
an indicative feature of the diamond-bearing dunite—harzburgite paragenesis of the
lithospheric mantle.

The different lowest pressures of knorringite- (3 GPa) and majorite-components
(7.5 GPa) incorporation in natural garnets indicate that the relative saturation of garnet
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with knorringite likely occurs in the lithospheric zone, whereas significant contents
of the majoritic component (>5-10 mol%) are gained in the sub-lithospheric mantle
only.

Thus, garnets of various compositions are the indicators of different depths of
their formation. Indeed, in our experiments, we observed that with the increase of
pressure from 10 to 18 GPa, the role of the majorite end-member increases and
begins to replace the knorringitic component progressively (Fig. 3.11), even for the
starting composition corresponding to pure knorringite Mgz Cr,Si30;, (Fig. 3.12).
In this case, appearance of garnet containing ~10 mol% majorite Mg4SisO, was
accompanied by crystallization of eskolaite (Cr,03).

The characteristic compositional patterns of garnet, chrome-spinel, and pyroxene
syngenetic to diamond allowed to distinguish the dunite—harzburgite paragenesis in
the area of diamond stability. The minerals of this assemblage are characterized by
the lower concentrations of Fe, Ca and higher contents of Cr in comparison with
the known types of ultramafic rocks and diamond-bearing eclogite (Sobolev et al.
1973). Thus, the concentration of Cr,O3 in high-Cr and low-Ca garnets ranges within
3.00-20.60 wt% (Schulze 2003; Griitter et al. 2004; Stachel and Harris 1997) at a
CaO content of 0.27-3.80 wt%.

Sobolev (1977, 1983) showed that incorporation of chromium in the form of
the knorringite end-member reflects the high-pressure nature of garnets and may be
considered as an indicator of the diamond-bearing assemblages. Later Griitter et al.
(2006) suggested to apply the concentration of Cr,O3 in garnets from inclusions in
garnets for quantitative estimation of the pressure of their formation. The results
of experimental studies (Bulatov et al. 1991; Stachel et al. 1998; Griitter 2001)
demonstrate that the high concentration of chromium in garnet is controlled by the
high Cr/Al ratio in protolith rather than by the bulk chromium content in rock.

The concentration of chromium in garnets synthesized in our runs in the model
pyrolite system (Sect. 3.4.2) is usually not fully consistent with the natural data.
Among inclusions in diamond crystals, there are garnets with a substantial Cr,O3
content (>15 wt%) (Sobolev 1977; Taylor and Anand 2004; and others). In this regard,
we face the problem of how such high-chromium garnets can be formed. In opinion
of some authors (Kesson and Ringwood 1989; Canil and Wei 1992; Stachel et al.
1998), garnets with the high contents of the knorringite component may be formed in
protolith with the high Cr/Al ratio only. Such a protolith may be formed as a residue
from partial melting at low pressures, within the spinel depth facies, where spinel
peridotite is stable and restite would be represented by olivine and chrome-spinel. In
this process, D%, > 40, where D%, | = (Cr,03/A1,03)*/(Cr,03/A1,05)?), so that
restite would be characterized by the high Cr/Al ratios at a pressure of ~1-1.5 GPa
(Bulatov et al. 1991). High-chromium garnets crystallize from this substrate upon its
subduction into the garnet depth facies (Stachel et al. 1998). In particular, diamond-
bearing garnet harzburgite with high-chromium low-calcium garnet was formed via
this mechanism. At a pressure of 5—-8 GPa (within the garnet depth facies), restite with
high bulk chromium concentrations cannot be formed, since Cr will be redistributed
into the melt with DZ5 ~ 1.
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Table 5.1 Comparison of the bulk concentration of Cr,O3 in pyrope peridotite xenoliths, Cr,O3
concentration in garnet, and modal content of garnet in xenoliths

Cr,03 in mantle
xenoliths (wt%)

Cr;03 in garnet
(Wt%)

Content of garnet in
xenoliths (vol. %)

References

1.7 4.24 40 Garanin et al. (2004)
1.29 11 12 van Achterbergh

0.8 76 10 et al. (2001)

0.77 9.8 7 Tonov et al. (2010)
0.68 7.06 9 Schulze (1995)
0.643 9.3 6 Tonov et al. (2010)
0.47 7.91 6 Schulze (1995)

Information on the high concentrations of chromium in mantle minerals and prob-
ably high bulk concentrations of this element in mantle rocks may be obtained from
analysis of the data on inclusions in diamonds, as well as on mantle xenoliths of
the peridotitic assemblage, especially garnet dunite and harzburgite with high-Cr
low-Ca garnet. Thus, estimates of the bulk compositions of some xenoliths of mantle
peridotite (Table 5.1) show that the concentration of Cr,Oj3 in these rocks reaches
1.7 wt% (Schulze 1995; van Achterbergh et al. 2001; Garanin et al. 2004; Ionov
et al. 2010). This is 2—4 times higher than the concentration of chromium in the
Earth’s mantle (Ringwood 1966), whereas the concentration of Cr,O3 in garnets
from these xenoliths reaches 11 wt%. It should be noted that the mentioned values
of the bulk chromium concentration in the composition of mantle rocks are far from
the maximum. For example Ivanic (2007) reported megacrysts of garnet (6.42 wt%
Cr,03) forming intergrowths with chrome-spinellides and single pyroxene crystals,
for which the calculated bulk Cr,O3 concentration is 10.28 wt%.

In our study, the quantitative estimate of the influence of the Cr/Al ratio in pro-
tolith on the composition of garnet was obtained at 7 GPa in experiments on partial
melting of high-chromium substrate (with addition of 3 wt% Cr,0O3 to the starting
composition) close to that produced in the experimental series at 2.5 and 3.0 GPa.
According to the composition (up to 15 wt% Cr, O3 and higher), high-Cr low-Ca
garnets synthesized in these runs are similar to garnets from inclusions in garnets of
the dunite—harzburgite assemblage (Fig. 5.2).

Calculations of the compositions of restite and melt showed that, with increasing
temperature, chromium is redistributed into melt (up to 2.95 wt% Cr,03); however,
for the given starting composition, the concentration of chromium in restite is higher
than its bulk concentration in rock (>3.13 wt% Cr,053) (Fig. 5.3). At the same time,
it should be noted that D¢y "L ~ 1 is consistent with experiments on partial
melting of pyrolite at 7 GPa.

In addition to the temperature and pressure, the Cr/Al ratio in the bulk compo-
sition of rock is an important factor affecting the composition of garnet. The high
concentration of chromium in garnet is controlled by the high Cr/Al ratio in protolith
to a higher degree than by the bulk concentration of Cr,0O3 in rock.
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Fig. 5.2 Diagram of the composition of garnets (restite zone) synthesized in experiments on partial
melting of model pyrolite at 7.0 GPa for two starting compositions with 0.5 and 3.0 wt% Cr,03.
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experimental data (Irifune and Ringwood 1987; Kato et al. 1988; Hirose 2002)

From this point, let us consider the compositions of garnets from exper-
iments with different Cr/Al ratios in the starting composition. The studied
MgO-Si0O,—Cr,03—Al, 03 system (see Sect. 3.4.1) is supersaturated with chromium
in relation to aluminum. With a certain degree of approximation, experiments in this
system simulate the process of crystallization of garnet in high-chromium restite
formed under the conditions of partial melting. As it is evident from the results of the
runs described above, an increase in Cr/Al in the starting composition results in an
increase in this ratio in the garnet composition. Characteristically, this dependence
is not linear (Fig. 5.4), which is explained by the different influence of Cr and Al on
changes in cell volume of garnet. Increase in Cr/Al ratio in the bulk composition of
rock results in the increase in chromium content in garnet, which is accompanied by
significant expansion of the cell volume of garnet, whereas increase in the Al content
has an opposite effect (Fig. 5.5). Due to this, incorporation of aluminum in garnet
under high-pressure conditions is more preferable than the entrance of chromium.

This important conclusion may be applied to the study of more complex natural
systems. Experiments in the multicomponent systems with significant predomination
of Al over Cr in the bulk composition of rock (Cr/Al <~0.5) show the formation
of garnet with a Cr/Al ratio corresponding to that in the starting composition, i.e.,
garnets with significant content of pyrope and low concentrations of chromium. Thus,
experiments in multicomponent natural systems simulate crystallization of garnet in
rocks with low Cr/Al ratios in the bulk composition, which did not participate in
the processes of partial melting within the spinel depth facies prior to subduction of
rocks into the garnet depth facies. Judging from the natural data, most of garnets are
low-chromium, so that the protolith of their host rocks was not subjected to partial
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melting, except for rocks with Cr-rich garnets (Cr-pyrope dunite and harzburgite,
inclusions in diamonds of the dunite—harzburgite assemblage, etc.).

The actual material on mineralogy and geochemistry of the transition zone and
the lower mantle cannot be compared in its entirety with the data on the upper
mantle. Nevertheless, the data on high-pressure phase assemblages allow us to draw
some conclusions about the composition of the transition zone and the lower mantle
(Harte and Harris 1994; Harte et al. 1999, etc.). In the discussion on high-pressure
phases, which can serve as potential chromium concentrators in the transition zone of
the mantle, the key role should again be assigned to the knorringite-majorite garnet,
which, with increasing pressure, is enriched by the majoritic component. With further
increase in pressure up to ~17 GPa, it should be replaced with chromium-bearing
akimitoite (Cr-Ak), which, however, is not found in mantle mineral associations.

Mg,SiO4 polymorphs (Wad, Rgw) are widely abundant in the transition zone
as well. Figure 5.6 shows the ranges of the chromium concentrations in olivine,
wadsleyite, and ringwoodite synthesized in the Fo—MChr system. According to the
experimental data, the concentration of chromium in each of these phases is directly
controlled by pressure, and the maximum Cr,O3 concentrations increase in the fol-
lowing row: Ol — Wad — Rgw (Table 3.2).

The results of our experiments are directly applicable to the origin of chromitite
from the Luobusa ophiolitic complex (South Tibet, China). Some publications report
the evidence for the UHP nature of rocks from this complex, which is not typical
of most of podiform chromitites. Among these features is the presence of diamond
(Robinson et al. 2004; Yang et al. 2007), coesite (Yang et al. 2007; Yamamoto et al.
2009), stishovite (Yang et al. 2007), and ringwoodite (Robinson et al. 2004; Bindi
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et al. 2018). Recently, the data on the composition and mutual relationships between
the chromium-bearing phases have been used to illustrate the high-pressure nature
of the Luobusa chromitite (Ishii et al. 2015; Bindi et al. 2014, 2015, 2018; Sirotkina
et al. 2018; Zhang et al. 2018).

As it was shown in Sect. 2.1.4, chrome-spinel from podiform chromitite in Tibet
ophiolite contains exsolution textures of silicate phases (coesite, monoclinic, and
orthorhombic pyroxenes) (Yamamoto et al. 2009). The highest concentration of SiO,
typical of natural chromite does not exceed 0.6 wt% (~2 mol% Mg, SiO4).

Chromitite from Luobusa ophiolite contains olivines with extremely high concen-
trations of chromium. For example, the concentration of Cr,O3 in the studied olivine
grains forming small (<100 wm) inclusions in chromite (Fig. 5.7) reaches 0.64 wt%
(Table 5.2), which corresponds to ~0.6 mol% MgCr,Oy.

The highest concentrations of chromium in olivine from Luobusa chromitite reach
1.5 wt% Cr, 03 (~1.6 mol% MgCr,04) (Liang et al. 2014). Generally, such chromium
contents are not typical of mantle olivines, but taking into account our experimen-
tal data, olivine may incorporate much higher concentrations of chromium (up to
3.2 wt% Cr,03). Olivines from high-pressure complexes contain exsolution textures
of chromium-rich phases, including chromite and Cr-bearing ilmenite (Dobrzhinet-
skaya et al. 1996; Yufeng et al. 2008).
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Fig. 5.7 Images in transmitting light (a, b) and BSE image (c) of chromite grains from Luobusa
chromitite with inclusions of olivine (Ol)

Chrome-spinel in podiform chromitite from Tibet ophiolite contains exsolution
textures of coesite, monoclinic and orthorhombic pyroxenes (Yamamoto et al. 2009).
The presence of these lamellae in addition to microinclusions of monoclinic pyrox-
ene in chrome-spinel requires a high solubility of SiO, and CaO in the chromite
protophase in the form of CaCr, 04 (Kaminsky et al. 2015), CaAl,O4, and Mg, SiOy.
In opinion of some authors (Yamamoto et al. 2009; Yang et al. 2007), exsolution
textures of silicate phases in chromite are formed upon decompression from the
high-pressure phase with the calcium ferrite (CaFe,0O,4)-type structure enriched in
silicon and calcium and stable at a pressure of >12.5 GPa. The concentration of
Si0; in natural (Mg, Fe)(Cr, Al),O4 with the spinel-type structure does not exceed
0.6 wt%, whereas the concentration of CaO reaches several tens ppm (Arai and
Yurimoto 1994).

The study of phase transitions in the simple MgCr,O4 and FeCr,O4 systems
allowed Ishii et al. (2015) to conclude on the maximum pressure of the formation of



5 Implication of Experimental Results to Geochemistry ...

120

18°86 SL6S 110 0°0 Yyl Se0 68°¢l 9101 L00 YD
€C001 ¥9°0 68°0 000 SYvs 000 9¢C 000 68°1Y 10
[eloL t0uD OIN (0L0] OSIN OUN 0°d 0av ors

9%IM “QIIWOIYD BSNQON] WOIJ AJTWOIYD PUB SUIAT[O JO suonisodwo) 'S d[qeL



5 Implication of Experimental Results to Geochemistry ... 121

Luobusa chromitite. These authors suggest that absence of the phase assemblage (Mg,
Fe),Cr,0s5 + Cr,03 stable at 12—18 GPa provides evidence for the lower pressure
origin of these rocks (<12 GPa).

In this discussion, the synthesis of a new phase Mg(Mg, Cr, Si),04 (mCt) with
modified calcium titanate-type structure (Bindi et al. 2015) in the model Fo—-MChr
system (Sirotkina et al. 2018) is of great importance. As it is shown in the Sect. 3.3.2,
this phase occurs in a wide pressure range (12—-18 GPa) and covers a wide compo-
sitional range of starting materials. mCt occupies an intermediate position between
Mg,Si0O4 and MgCr, 04 and shows a quite narrow compositional range (58—63 mol%
Fo). Our discovery of this phase supports the conclusion of Yamamoto et al. (2009)
and, thus, limits minimum pressures of the formation of Luobusa chromitite to
~12 GPa. Moreover, the successful synthesis of inverse ringwoodite (iRgw) with
inverse-spinel structure (Bindi et al. 2018) and its recovery as natural mineral (Grif-
fin et al. 2016) adds further constraints to the subduction history of the Luobusa
peridotite. The new Mg(Mg, Cr, Si),O4 post-spinel phase (Bindi et al. 2015), which
contains significant amounts of the Mg,Si04 component never reported before in a
post-spinel phase, may be an intermediate product in the deep recycling of silicate-
bearing UHP chromitites (Arai 2013) and the source of the recovered iRgw, which
might be formed during the inverse transformation from the new post-spinel phase
Mg[(Cr, Mg)(Si, Mg)]O4 to chromite during mantle upwelling.

Recently Zhang et al. (2018) reported on the synthesis of the MC-phase with
an average composition of (Mg, Fe);[(Cr, A2, 4/3,(Mg, Fe),Sir,]0s (x ~ 0.2,
y & 0.3) and a cubic structure, space group of Fd3m. This phase was synthesized
from the starting material of natural Luobusa chromitite and has an idealized stoi-
chiometry of Mgz Cr,Og. The stability field of the MC-phase associated with garnet,
chromite, and eskolaite corresponds roughly to the top of the MTZ at pressures in
the ~ 14—17 GPa range and temperatures in the 1400—-1600 °C range, so that this
phase may be considered as another probable precursor for the phases formed below
12 GPa.

In general, the formation of exsolution textures of chromium-bearing phases in
olivine (Dobrzhinetskaya et al. 1996; Yufeng et al. 2008) and silicates in chromite
(Yamamoto et al. 2009) may be explained using the P-X phase diagram of the
Fo—MChr pseudobinary system (Fig. 3.23). An association of low-chromium olivine
and magnesiochromite with the low Cr,O3 concentrations is stable at a pressure
of <12 GPa. With increasing pressure, the contents of the “forsterite” component in
chromite and “magnesiochromite” component in olivine increase (Figs. 3.23 and 5.6).
Decompression would result in decomposition of silica-rich chromite or chromium-
rich olivine with the formation of exsolution textures.

Itis suggested that the lower mantle substrate is predominantly composed of mag-
nesiowiistite (ferropericlase) (Mg, Fe)O, CaSiO3 with the perovskite-type structure
and MgSiO; bridgmanite; the latter is formed from MgSiO3; Ak at a pressure of
~21 GPa (Figs. 3.15 and 3.25). The contents of other phases in the lower mantle
is negligible, since the elements of pyrolite may be expressed by the composition
of three major phases (Ringwood and Irifune 1988). The characteristic feature of
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Fig. 5.8 Dependence of the concentration of chromium on the aluminum content in assumed
bridgmanites from inclusions in diamonds (Stachel et al. 2000; Harte et al. 1999; Kaminsky et al.
2001; Hayman et al. 2005; Davies et al. 2004) and in bridgmanites from experiments (Irifune and
Ringwood 1987; Kato et al. 1988; Hirose 2002). The dashed line shows equal distribution

MgSiO; bridgmanite is incorporation of trivalent cations by the mechanism Mg?* +
Si** = 2Me? (Andrault 2003; Irifune 1994).

Lower mantle bridgmanites are characterized by high aluminum concentrations.
MgSiO3 Brd usually contains 1-2.7 wt% Al,O; (Wilding 1990; Kaminsky et al.
2001; Davies et al. 2004), whereas the concentration of Al,O3 in a group of dia-
monds from the Sao Luis placer in Brazil is 8.3—12.6 wt%. This is in agreement with
the experimental data, according to which the garnet/bridgmanite transition in the
pyrope—majorite system occurs at a higher pressure with increasing alumina content
(Irifune et al. 1996; Wood 2000). Therefore, the concentration of Al,O3 in MgSiO3
bridgmanite may be applied as a qualitative barometer for the lower-mantle mineral
associations. Therefore, UHP diamonds from the Sdo Luiz placer containing the
lower mantle phase associations are among the deepest ones.

It is necessary to emphasize that an increase in the alumina content often results in
an increase in the concentration of chromium, the second important minor element
in the composition of bridgmanite (Fig. 5.8), and iron (McCammon 1997; Frost and
Langenhorst 2002). The concentration of Cr,O3 in the lower-mantle bridgmanites
ranges from 0.1 to 0.36 wt% (Kaminsky et al. 2001; Davies et al. 2004), and the most
high-chromium bridgmanites were reported as inclusions in diamonds in the area of
the Sdo Luiz River, Brazil (Wilding 1990; Harte et al. 1999; Zedgenizov et al. 2015).
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The concentrations of Cr,O3 in them vary from 0.1 to 1.33 wt%, which is almost
three times higher than the assumed average chromium content in the Earth’s mantle.
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Chapter 6 )
Conclusion ot

An extensive set of mineralogical, geophysical, and experimental information allows
us to establish the physicochemical parameters of phase transitions, the mechanisms
and conditions of isomorphism in terms of the major components for the mantle
phases. At the same time, our new experimental data provide evidence for importance
of study of the behavior of minor elements in the mantle mineral associations and,
in particular, in order to establish the host phases accumulating these elements, and
to evaluate their influence on the physicochemical parameters of the major mineral
reactions in the Earth’s mantle.

Analysis of the model system SiO,—-MgO-Cr, 03 allowed us to reveal the petro-
logically significant sections for experimental study in a wide pressure range
(10-24 GPa) at a constant temperature (1600 °C). Experimental study of the sim-
ple model systems Maj—Knr and Fo—MChr provided the fundamentally new data
on incorporation of chromium in deep minerals, such as olivine, wadsleyite, ring-
woodite, akimotoite, and bridgmanite. Based on the results of single-crystal X-ray
diffraction, the schemes of chromium incorporation in the structures of deep minerals
were suggested.

In the discussion of high-pressure phases, which can be the likely hosts for
chromium in the upper mantle and transition zone, the key role should be assigned
to the knorringite—majorite garnet, which is characterized by significant chromium
contents in the entire range of its stability, including the thermodynamic stability of
majorite. The major compositional feature of garnet at the P-T parameters of the
lowermost upper mantle and the transition zone is an excess of silicon (>3 p.f.u. Si),
which determines its belonging to the majoritic type. The highest concentrations of
Cr,03 in garnet registered in experiments exceed 30 wt% (90 mol% Knr) and are
observed at a pressure of 10 GPa and a temperature of 1600 °C. With increasing
pressure, the concentration of chromium in garnet decreases, which indicates the
more significant effect of pressure on the formation of majorite in comparison with
the knorringite end-member. There is the negative correlation between the concen-
trations of chromium, magnesium, and silicon in synthetic garnets, which allows us
to consider the scheme of heterovalent isomorphism like 2Cr** = Mg?* + Si** for
high-pressure garnets.
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128 6 Conclusion

Mg,SiO4 polymorphs (Wad, Rgw) with fundamentally different mechanisms of
chromium incorporation are widely abundant in the transition zone of the Earth’s
mantle. Chromium enters wadsleyite by the scheme Y'Mg>* + VSi* = VICr3*+
VCr**. The mechanism of isomorphism in ringwoodite is 2VICr¥*+ VMg =
ZVIMg2++IVSi4+.

Ferropericlase and (Mg,Fe)SiO3 are the host phases accumulating chromium in
the lower mantle of the Earth. The major feature of MgSiO3 bridgmanite synthesized
in our runs is that Cr enters its composition by the mechanism Mg?* + Si*t =
Cr’*. The highest concentration of Cr,O; registered in synthetic bridgmanite exceeds
11 wt%. The concentration of chromium in periclase is even higher (>22 wt% Cr,O3).

Experimental study of the simple model systems Maj—Knr and Fo-MChr allowed
us to consider the influence of chromium on crystallochemical patterns of deep
phases. In particular, we detected significant changes in cell parameters with increase
in chromium content and radically different reaction of akimotoite and bridgmanite
polyhedra on Cr incorporation in their structures. In this relation, simulation of the
composition and physical properties of the Earth’s mantle should account for the
influence of chromium on mantle phases, since even the low concentrations of this
element may significantly change cell volumes and a number of physical properties,
such as density and thermoelastic properties of deep minerals.

Experimental study of the system Si0,—MgO—Cr,03;—Al, 03 showed that addition
of even small concentration of aluminum (1 wt% Al,O3) expands the field of garnet
stability to the low-pressure area. This results in crystallization of garnet of the
pyrope—majorite—knorringite composition and in increase in the modal proportion
of garnet in mantle phase associations.

Among the new priorities in the field of petrology of Cr-bearing associations of
the Earth’s mantle is an experimental study of model and multicomponent systems
with participation of knorringitic garnet under the conditions of partial melting. The
gradual complication of the composition of systems involving high-pressure Cr-
bearing phases will provide a more complete pattern of the effect of other minor
components on phase relationships under the conditions of the Earth’s mantle.
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