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Abstract

A subcalcic Cr-rich pyrope is typical for inclusions in natural diamond and considered as the main
indicator mineral in diamond exploration. The article presents the results of experiments in a model
garnet-spinel-harzburgite with the aim to determine the maximal Cr content in the garnet. The
study supplemented the CaO vs Cr;03 diagram with new data on Cr-rich garnets obtained
experimentally. A high pressure apparatus (BARS) was used to conduct experiments at a pressure
of 5.5 GPa and temperature 1300 °C, which correspond to the stability field of both garnet and
diamond. The model harzburgite was obtained using natural Mg-serpentine, which decomposes at
pressures and temperatures of experiment into olivine and orthopyroxene. Natural chromite and
carbonatite were used as the sources of Cr and Ca, respectively. The obtained samples composed
of forsterite, enstatite, Cr-pyrope and Cr-spinel. The maximal Cr203 content, up to 16.23 wt.%,
was detected in grains which grew in contact with chromite. The addition of 1-2 wt.% carbonatite
has led to crystallisation of garnets with varying contents of Ca (2.83-7.49 wt.% CaO), but slightly
influenced further increase of Cr in garnet. The experiments confirmed the boundary at 16 wt.%

Cr203 for subcalcic pyrope associating with diamond. It is concluded that the origin of natural
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samples of Ca-rich lherzolitic/wherlitic and Ca-poor harzburgitic garnets with more than 16 wt.%

Cr203 is attributed to the specific Ca/Cr/Al ratios of the medium.

Introduction

The ratio of Cr203 and CaO is very specific in pyrope from inclusions in natural diamond and has
become arecognized instrument for paragenetic identification of mantle garnets from the cratonic
lithosphere (Sobolev et al., 1973; Gurney, 1984). The garnets are classified as harzburgitic,
lherzolitic and wherlitic according to their affinity with the hosted rocks (Sobolev, 1977; Dawson
and Stephens, 1975; Gurney, 1984; Griitter et al., 2004; Griffin et al., 1999a, 2002; Schulze, 2003;
Stachel and Harris, 2008). A unique subcalcic Cr-rich pyrope, termed in the international literature
as G10 garnet (Griitter et al., 2004), is typical for inclusions in natural diamond and considered as
the main indicator mineral in diamond exploration (Afanasiev and Pokhilenko, 2022). The garnet
belongs to the harzburgitic suite and usually contains about 2-4 wt.% CaO and 6-12 wt.% Cr20s.
However, garnets with Cr2O3 content exceeding 14 wt.% are rare. The “competition” for recording
the maximal content of knorringite component (Mg3Cr2S13012) in garnet started more than half a
century ago. The recorded ratios of Cr2O3 vs CaO (wt.%) include the following: 10.9 — 2.19
(Meyer, 1968); 12.6 — 1.74 (Meyer and Boyd, 1972); 13.7 — 3.38 (Sobolev et al., 1973); 17.7 —
0.93 (Meyer and Svisero, 1975); =15.5 — =1.5 (Gurney, 1984); 20.6 — 1.57 (Stachel and Harris,
1997b); 17.28 — 0.39 (Harris et al., 2004); =15 —=5 (Davis et al., 2004); 20.9 — 2.19 (Logvinova
etal., 2005); =17.5 — =3 (Smith et al., 2009). Despite the few analyses, which show Cr>O3 content
in harzburgite garnet exceeding 20 wt.% (Stachel and Harris, 1997a,b; Logvinova et al., 2005), the
vast majority (95%) of analysed samples worldwide contained less than 16 wt.% Cr203 (Stachel
and Harris, 2008; Turkin and Sobolev, 2009). It is pertinent to note that, on the one hand, the
enrichment in Cr (over 20 wt.% Cr203) is not uncommon fora wherlitic garnet, however it is not
the subcalcic variety as it is Ca-rich. On the other hand, natural samples usually demonstrate a
negative correlation between Al2Os3 content of xenoliths and Cr2O3 in their garnets (Griffin et al.,
1999b). Therefore, the proportions of Cr, Al u Ca in rock can significantly affect the formation of
specific varieties of garnets in peridotites.

The garnet formula is A3B2Si3012, where A = Mg*?, Fe™2, Mn*?, Ca*?, Y*3, rarely Na" and B =
AL, Fe®3, Cr3, Mn™3, rarely V3, Ti'*, Zr™. As a result of experimental studies, it has become
obvious that knorringite component — Mg3zCr2Si3012 increases in garnet with increasing pressure

(Malinovsky and Doroshev, 1977; Turkin et al., 1983; Irifune and Hariya, 1983; Nickel, 1986;
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Doroshev et al., 1997) and thus Cris higher in garnets formed at higher pressures (the basis of the
Cr in garnet barometer, which assumes equilibrium with spinel). The increase of Cr in garnet can
also be a result of the increase of uvarovite component (CazCr2Si3012) in pyrope (Mg3zAL2Si3012),
which implies that such isomorphism is accompanied by a simultaneous increase of Ca, Cr and
decrease of Mg, Al. The complexity of garnet compositions is due not only to the broad isovalent
isomorphism between elements within A and B groups, but to more complex heterovalent
substitutions as well (Godovikov, 1975). The possibility of excess silicon with coordination VI,
which was reported for majoritic garnet in experiments above 9 GPa (Ringwood and Major, 1966;
Ringwood, 1967) as well as the discovery of majorite in Coorara meteorite (Smith and Mason,
1970), has motivated the studies of garnet-pyroxene solid solutions at high pressures (Ringwood
and Major, 1971; Akaogiand Akimoto, 1977; Jakubith and Hornemann, 1981; Jeanloz, 1981; Kato
et al., 1987; Irifune, 1987; Herzberg and Gasparik, 1991; Hazen et al., 1994a,b; Ono and Yasuda,
1996; Nakatsuka et al., 1999; Gasparik, 2002; Sobolev et al., 2016; Thomson et al., 2021 and
others). An isomorphic substitution of 2B3* = A2™+ Si*" or B3+ A2" = X* + Si*" has been
established for the classical garnet structure VII[A2*]3VI[B3*2V[Si**]30 12 with increasing pressure.
Here, Si displaces trivalent cations (including Cr) from the octahedral site. As a result, Mg4Si4O12
content can increase up to 4 mol.% in pyrope at a pressure of 5 GPa (Akaogi and Akimoto, 1977)
and about 15 mol.% in knorringite at 8 GPa (Zou and Irifune, 2012). It should be noted that
recalculation of chemical composition of harzburgitic knorringite-rich garnet (20.2 wt.% Cr203 —
Stachel and Harris, 1997b) demonstrated over 8 mol.% pyroxene component
(Mgo.625Ca0.385)4S14012.

Cr-rich pyrope usually associates with silicate minerals, mainly with olivine and pyroxene,
which are characterised by high Mg-numbers, typically of 92-94 in olivine. Additionally, the
spinel, when present, is Cr-rich (Harris, 1968; Meyer and Boyd, 1972; Sobolev, 1977; Harris and
Gurney, 1979; Griitter et al., 2006; Stachel and Harris, 2008; Lenaz et al., 2009). Taking into
account this fact, the aim of present experiment was to examine the composition of garnet which
crystallised in contact with chromite in model harzburgite under the P-T conditions of diamond

stability field.

Materials and methods

Six experiments (Table 1) were carried out using a multi-anvil split-sphere type high-pressure
apparatus (BARS) developed according to the state assignment of IGM SB RAS (Fig. 1a, b). A
high pressure cell was made of mixture based on ZrO: oxide. The cell was a rectangular cuboid

(20%20%23 mm) with truncated edges and vertices. A tubular heating element was made of
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graphite. Pressure in the cell was calibrated at ambient temperature using reference substances Bi
and PbSe (Turkin, 2003). Temperature was measured using a PtRh30-PtRh6 thermocouple without
pressure correction. The temperature correction for pressure was determined by melting of metals
Agand Au (Tonkov and Ponyatovsky, 2004). Measurement errors were estimated as + 0.2 GPa
and £ 25 °C. The samples were heated by a gradual temperature increase and cooled by quenching.
The P-T conditions for the experiments were 5.5 GPaand 1300 °C, which correspond to the garnet
stability field (Turkin and Sobolev, 2009). In order to obtain relatively large grains of garnet, the
experiments were run for 25 hours. Further details of the experimental procedure are described in

our previous papers (Chepurov et al., 2016, 2018).

Graphite
(o)) capsule

Split-sphere’ '

Corundum
b) Hot zone
WC anvils
and high
pressure cell Olivine
+ OPx
Cold zone

Fig. 1. Schematic drawing of high pressure apparatus BARS (a); WC anvils — internal block of
anvils made of tungsten carbide and general view of high pressure cell (b); (c) demonstrates
assembly of the sample: the sources of Al and Ca (corundum and carbonatite, respectively) were
placed in the upper part which corresponds to higher temperature, while the garnet growth occurs
on chromite at the bottom of the chamber. An arrow indicates direction of components flow.

The initial materials for the experiments were natural serpentine (antigorite), chromite and
corundum. Chemical composition of serpentine collected from Eastern Sayan ophiolites (Russia):
Si02 —42.36; TiO2 — 0.02; A12O3 —0.93; Cr203 — 0.74; FeO — 2.34; MnO — 0.07; MgO — 39.96;
CaO - 0.34; NiO — 0.37; Na20O — 0.30; K20 — 0.02; SO3— 0.10; LOI — 12.42; total — 99.97.

Serpentine was chosen as the starting component because at the P-T parameters of experiment it
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decomposes into a mixture of olivine, orthopyroxene and an aqueous fluid (Ulmer and
Trommsdorff, 1995). Hence, at initial stage of each experiment the sample represented a model
peridotite with fluid of predominantly aqueous composition. Chromite grains 2-3 mm in size were
hand-collected from xenoliths of peridotites from Udachnaya kimberlite pipe (Yakutia), and were
used as a source of Cr. Chromite composition: TiO2 — 0.67; A12O3 — 6.10; Cr203 — 54.04; FeO —
26.97; MnO - 0.00; MgO — 11.51; total — 99.29. Corundum (Al2O3) grains of 0.1-0.2 mm in size
were added to initial charge in order to increase the amount of Al, due to low AL>O3 content in the
initial chromite. Such methodology ensured the crystallisation of pyrope variety of garnet during
the experiment. Natural carbonatite from Snap Lake dike (Canada) was added to the charge as a
Ca source (Agashev et al., 2008). The carbonatite composition: SiO2 — 3.74; TiO2 —0.12; ALO3 —
0.95; Fe203 — 2.86; MnO — 0.19; MgO — 18.86; CaO — 31.88; Na20 — 0.00; K20 — 0.24; P20s —
4.51; LOI — 36.82; total — 100.17.

An assembly scheme of high pressure cell is shown in Fig. 1c. The sample was placed in a
graphite capsule. The configuration without isolating Pt-capsule allowed the fluid to penetrate
through the sample during experiment. Since no water-bearing phases were detected in the run
products (Chepurov et al., 2012), the fluid participated in chemical reactions mainly as a transport
of components. Temperature gradient, which exists in high-pressure cell induces the crystallisation
of large grains of garnet in the colder zone (Fig. 1c). Thermocouple was placed next to the garnet
crystallisation area (as in Fig. 1 of Sonin et al., 2019).

After the experiments samples were sawed along vertical axis and studied under optical
microscopes MC2-Zoom, Olympus BX35 equipped with UC50 camera. Backscattered electron
images (BSE) were obtained using MIRA 3 LMU scanning electron microscope equipped with X-
ray microanalysis system INCA Energy 450 Xmax-80 energy dispersive spectrometer in the
Analytical Center for multi-element and isotope research SB RAS (Novosibirsk, Russia). Mineral
compositions were determined by electron probe microanalysis (EMPA) using JEOL JXA-8100

microanalyzer.

Results

The experimental samples composed of newly formed olivine, orthopyroxene, garnet and spinel
(Table 1). According to the planning of the experiment, garnet crystallised in the bottom part of
the sample where chromite grains were initially placed (Fig. 1c¢). The garnet has typical shape with
well-developed {110} faces and purple-rich colour (Fig. 2a,b). Representative chemical analyses
of garnet with the highest contents of Cr were obtained by studying the grains in contact with
initial chromite (Fig. 2d). The maximal Cr content was 16.25 wt.% Cr203. Calcium in these garnets

is as low as 2-4 wt.% CaO, however, individual grains showed 6-7 wt.% CaO. Titanium is very
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low and does not exceed 0.06 wt.% TiO2. Manganese ranged from 0.17 to 0.38 wt.% MnO. The
values of Fe# and Cr# ranged within 7.48 - 9.45 and 46.12 - 50.43, respectively. We also noted a
slightly increased silicon content, Si (f.u.) =3.057 - 3.084 (Table 2).

_1mm seh

e
- w.Chromite

Fig. 2. Representative microphotographs of samples after the experiments: (a) general view of the
sample which consists mainly of olivine + orthopyroxene (white groundmass) and garnet (purple
grains); (b) detailed view of Cr-pyrope crystals which grew on chromite (black grain exposed
partially in the center); note an intensive color of garnet. BSE images of experimental products:
(c) garnet (Gar) and spinel (Sp) grains in the groundmass which consists of olivine (Ol); (d) initial
chromite which is overgrown by garnet.

Olivine is represented by a fine-grained aggregate as well as elongated grains reaching 1 mm
in size (Fig. 3a). Olivine is highly magnesian (Mg# 97) and contains only 2.63 - 3.11 wt.% FeO.
Microprobe analysis revealed an admixture of Crup to 0.27 wt.% Cr203 (Table 3). Orthopyroxene
is characterised by low Fe content (2.5 - 2.8 wt.% FeO) (Table 4). No clinopyroxene was found in
the run products. Newly formed Cr-spinel in the form of small grains, evenly distributed over the

whole sample, was observed (Fig. 2¢). The spinel and garnet were found together as inclusions in
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the large transparent olivine grains (Fig. 3b). The composition of spinel varied within Cr# 84.64-
86.59 and Fe# 19.44-36.06 (Table 5).

s Yo \

g ¢ ;

A K
100 um ads 20 um

Fig. 3. Colorless transparent crystal of olivine with numerous inclusions of other minerals (a);
enlarged view of Cr-garnet (right) and Cr-spinel (left) in olivine (b).

Discussion

The experiments have demonstrated the growth of Cr-rich garnet both in groundmass and on initial
chromite. The largest grains of garnet were synthesised in the bottom zone of reaction chamber in
contact with the chromite (Fig. 1c). These garnets are characterised by deep purple colour in
comparison with garnets of the groundmass (Fig. 2). The mechanism of crystallisation was
described in detail in the previous publication (Chepurov et al., 2019). Here, it should be
emphasised that garnet and other phases grew under subsolidus conditions in the presence of a
fluid. As shown in the Methods section, at the beginning of each experiment the fluid has a
predominantly aqueous composition (Ulmer and Trommsdorff, 1995; Chepurov et al., 2012), but
during the run water reaction with carbon of the graphite capsule (which surrounded the sample)
resulted in formation of oxygen-containing hydrocarbons (Sonin et al., 2023). Thus, the fluid
becomes a C-O-H system. The similar effect is expected with the addition of carbonatite:
decomposition of carbonate at high temperatures and thus the appearance of CO2, which reacts
with carbon of the graphite capsule and water, also may lead to formation of fluid rich in oxygen-
containing hydrocarbons. Such system corresponds to the conditions of C-CO buffer which is close
to bufferfayalite-magnetite-quartz (FMQ) at pressure of 5.5 GPa and temperature of 1300°C. Such
oxidized environment well corresponds to the realistic geological scenarios at mantle depths less
than 250 km. Here, such fluid composition is a good candidate to model a natural metasomatic

agent of the lithospheric mantle: investigations of fluid inclusions in natural diamonds confirms
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the presence of a mixture, which is characterised by wide variations of H20, CO2 and
hydrocarbons; Si, Al, K, Ca and Cl as well as LILE (large ion lithophile elements), HFSE (high
field strength elements) and REE (rare earth elements) may also present in different proportions.
These so-called “Highly Density Fluids” (HDFs) are proposed as a diamond forming medium
(Tomlinson et al., 2006; Klein-BenDavid et al., 2009; Zedgenizov et al., 2009; Shirey et al., 2013;
Weiss et al., 2014; Klein-BenDavid et al., 2014; Sobolev et al., 2019). In the present experiment
the fluid was a transporter of main petrological components through interstices between mineral
grains, because their sources (corundum and carbonatite, respectively) were placed apart from the
garnet crystallization zone (Fig. 1c). Therefore, the growth of garnet in the presence of fluid of
complex composition has demonstrated metasomatic formation of Cr-rich pyrope in natural
peridotite, although more magnesian (because of the choice of starting serpentine), at P-T
parameters of the Earth’s upper mantle.

Discussing the obtained experimental results, it is important to take into account the association
of minerals usually accompanying Cr-rich garnet in mantle xenoliths or within diamond: olivine,
orthopyroxene and spinel. Natural chromite, as an important mineral of the harzburgite-dunite
paragenesis, usually contains more than 62 wt.% Cr203 along with low TiO2. Findings of such
chrome spinel together with Cr-rich pyropes serve as areliable criterion for the diamond potential
of kimberlites (Sobolev, 1971). The synthesised spinel has very high Cr content, up to 70 wt.%
Cr203 (Table 5). On the one hand, such value is noticeably higher than that of the initial spinel
before experiment, presumably because the Al is preferentially incorporated into the garnet. On
the other hand, such composition is in agreement with the data on natural spinel inclusions in
diamonds of peridotitic suite (Sobolev and Logvinova, 2005; Lenaz et al., 2009). Orthopyroxene
from inclusions in natural diamond is most often represented by Mg-rich enstatite characterised
by small admixture of Al (less than 1 wt.% Al203). The Cr-number (Cr/Cr+Al) of natural enstatite
usually demonstrate a positive correlation with that of the associating pyrope. The values of up to
0.5 wt.% Cr203 are typical for enstatites from inclusions in diamonds of South Africa and Y akutia
(Sobolev, 1977). The results of our experiments demonstrated the synthesis of pyroxene of similar
composition, which correlates with high Cr content of the synthesised garnet (Table 4). Olivine in
the samples well reproduces the diversity of xenolithic olivines from kimberlites in terms of their
high Mg/(Mg+Fe) ratio (Tychkov et al., 2020). Additionally, synthetic olivines contained an
admixture of Cr (Table 2). The elevated Cr203 concentrations in pyroxene and olivine from
diamond-bearing assemblages have long been a topic for discussion (Meyer and Boyd, 1972). The
present experiment confirmed that olivine, which crystallises together with Cr-pyrope at 5.5 GPa
in the presence of C-O-H fluid, which corresponds to C-CO or fayalite-magnetite-quartz (FMQ)

buffers, can contain an admixture of 0.27 wt.% Cr203 typically observed in olivines from diamond
8
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inclusions worldwide (Stachel and Harris, 1997a). Although higher values of Cr20O3 are known,
such as olivine inclusion in Luobusa mantle chromitite, which contains up to 1.49 wt.% Cr203
(FengHua et al., 2014) or olivine in chromite from De Beers Pool Kimberlites (Phillips et al., 2004)
of 1.10 wt.% Cr203, the detection of high Cr2O3 values in olivine should always be considered
with caution due to the possible presence of Cr-spinel either in the form of numerous chromite
intergrowths (Dobrzhinetskaya et al., 1996) or microinclusions, such as observed in synthetic
olivines (Fig. 3).

Regarding the target composition of garnet, it was not intended to add much Ca into the
experiment. The choice of such system made it possible to synthesise Cr-rich pyrope in which
CaO content was less than 3 wt.% in case of 1 wt.% carbonatite in the initial charge. Such garnet
compositions are very interesting, because they are similar to the typical Ca-poor garnet inclusions

in diamonds (Fig. 4).

CaO,

Wt.o/o 1 1 I 1 1 1 1 1 1 1
+ 1 ]
8 2 + <& O

22F o 13 o L
® 4 ’

201 * ¢ 4 .

+ +
18

16
14
12
10

. : L R
0 2 4 6 8 10 12 14 16 18 20 Cra0s,
wt.%

S N A O @

Fig. 4. CaO-Cr203 plot for Cr-rich garnet in natural diamond combined with the experimental data:
1 — natural garnets from the localities worldwide, data source: Sobolev, 1977; Kovalsky et al.,
1979; Griffin et al., 1993; Sobolev et al., 1973, 1997, 2004; Zedgenizov et al., 1998; Harris et al.,
2004; Meyer and Svisero, 1975; Stachel et al., 2000, 2004a,b; Logvinova et al., 2005; 2 —
Representative harzburgitic garnets with Cr2O3 content higher than 14 wt.% (Stachel and Harris,
2008); Oval field represents 95% of all garnets analysed, data reproduced from Turkin and
Sobolev, 2009; 3 — Summarized data on garnets synthesised in previous experiments — data taken
from Chepurov et al., 2018, 2019; Turkin et al., 2021; 4 — Cr-rich garnets from the present
experiments. The arrows: 1 — low-carbonatite trend of the present experiment; 2 — silicate
metasomatism trend after Pokhilenko et al. (2015); 3 — high-Ca high-Cr trend after the previous
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experiments by Chepurov et al. (2018, 2019) and Turkin et al. (2021); for further explanation the
reader is referred to the main text.

The use of carbonatite is interesting, because it is considered as one of the main metasomatic
agents in the Earth’s mantle (Shu and Brey, 2015). It should be noted that the experimental samples
modelled a natural harzburgite with a relatively low percentage of garnet in the bulk. Such rock is
considered to have experienced only a slight degree of mantle metasomatism (Doucet et al., 2012;
Ilyina et al., 2022). Further small addition of Ca into the medium (2 wt.% carbonatite) has led to
the crystallisation of pyrope with up to 16 wt.% Cr203 and 7.5 wt.% CaO (Fig. 4, Table 2) in the
absence of clinopyroxene.

On the CaO vs Cr203 diagram the natural garnets, which contain high Cr203, show variable
amounts of CaO (Fig. 4). The garnet compositions in the experiment demonstrated an increase of
CaO and only a slight increase of Cr203 (Fig. 4, trend line 1). This suggests that small amount of
carbonatite in the medium (1-2 wt.%) slightly influenced further increase of Cr in garnet. Among
natural garnets the samples U-4-76 (Howarth et al., 2014) and U-105-89 (Pokhilenko et al., 1999)
are representative cases: they show vivid Ca-zoning and, at the same time, stable Cr2O3 content.
This is explained by the effect of carbonatite metasomatism (Pokhilenko et al., 2015), when
percolating fluids introduce mainly Ca. Here, the role of CaO/Al2O3 ratio of the growth medium
should also be taken into account, because natural peridotites demonstrate a positive correlation
between CaO and Al2O3 (Pearson, Wittig, 2008). The introduction of both CaO and Al>2O3 through
metasomatic process may induce the formation of more garnet in the system, but in such case the
new garnet will not be of Ca-poor varieties. Additionally, a negative correlation between Al203
content of xenoliths and Cr203 in their garnets (Griffin et al., 1999b) suggests that Cr-rich and Ca-
poor garnet can grow in peridotite only at early stages of mantle metasomatism. Additionally,
AL0Os3 deficiency in such ultra-depleted rock may even grind to a halt the growth of pyrope, as was
already shown experimentally (Chepurov et al., 2016). Another trend, which should be mentioned,
is the effect of so-called silicate metasomatism (Pokhilenko et al., 2015), which implies significant
mineralogical and geochemical changes in the mantle rocks. In the present study it was out of
focus, since the process tends to form Cr-poor garnet compositions (Fig. 4, trend line 2).

Further discussion of Ca/Cr/Al ratio of the medium should also involve the garnet compositions
of more than 16 wt.% Cr203. The present experiment was not aimed to further enrich the charge
with Ca and demonstrate an intensive carbonatite effect, which is accompanied by the appearance
of clinopyroxene and crystallisation of Ca-rich garnet. In such case, the introduction of much Ca
into Cr-rich system may cause the crystallisation of garnet which contains both very high Cr and
Ca. An interesting example is the garnet found in Kao kimberlite pipe which was called knorringite

(Nixon and Hornung, 1968). The referenced sample is very Cr-rich (17.4 wt.% Cr203), but Ca
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content is high (8.14 wt.% CaO) as well. Additionally, this garnet has a green hue. Such green
coloured Cr-rich garnets have been already synthesised in association with olivine, orthopyroxene
and clinopyroxene: Cr content can be extremely high (up to 21.62 wt.% Cr203) as well as Ca
content (13-24 wt.% CaO) (Chepurov et al., 2018). This was explained by the deficiency of Al in
Cr-rich medium and thus the introduction of Ca leads to substitution of (Mg+Al) pair by (Ca+Cr)
and thus increasing the uvarovite component in pyrope (Fig. 4, tend 3). Therefore, crystallisation
of garnet with Cr203 content higher than 16 wt.% can be well explained, although high content of
CaO as well as greenish colour set them apart from harzburgitic varieties, which typically contain
less Ca (1-4 wt.% CaO) (Fig. 4) and are of purple colour. Oversaturation of the crystallisation
medium with Cr203 is a possibility to produce very Cr-rich garnet as well. The present experiment
has demonstrated that Cr in synthetic garnet varied upon the distance from the source (initial
chromite). As a result, garnets with the maximal Cr20O3 content of 16.23 wt.% were formed in
contact with the initial chromite. Such conditions can be considered as a Cr-saturated medium.
The chemical composition of the present samples is close tonatural harzburgite, which usually has
Cr-numbers of less than 0.3. The increase of Cr/Cr+Al of the medium may produce garnets with
Cr203 higher than 16 wt.%, as was shown by Canil and Wei (1992), although the medium in their
experiment has Cr-number of 0.84. Natural rocks of such composition are very rare, here the
reference example may be harzburgites from ophiolites in the Papuan Ultramafic Belt, which have
Cr/Cr + A1l of up to 0.8 (Jaques and Chappell, 1980). It can be concluded that Ca-rich wherlitic
garnets (Cr203 >16 wt.%) or garnets probably originated from extremely Cr-saturated Ca-poor
media (Cr/Cr+Al of 0.8) are very rare in nature and thus the conditions which lead to their
formation rarely existed in the Earth’s mantle. The decades of collecting the analytical data on
chemical composition of garnets of the ultramafic paragenesis in diamonds indicated a maximum
content of the knorringite component in natural garnets, not exceeding 60 mol.% (Sobolev et al.,
2004; Stachel, Harris, 2008). Therefore, the present experiment justified the boundary at 16 wt.%
Cr203 proposed by N.V. Sobolev based on the analysis of more than 1500 natural Cr-garnets from
Yakutia (Fig. 4). Such knorringite-rich garnets demonstrate a significant predominance in
concentrates of the heavy fraction of all diamondiferous kimberlite deposits worldwide (Sobolev
et al., 1973; Gurney and Switzer, 1973; Gurney, 1984; Sobolev, 1984; Pokhilenko et al., 2004).
The performed experiments have elucidated some important aspects of mechanism, which may
lead to crystallisation of garnet with high knorringite component in nature. The possibility to grow
Cr-rich garnet through a metasomatic process, at pressures and temperatures corresponding to the
conditions of formation of lithospheric diamonds, well agrees with the experimental results
obtained earlier by Canil and Wei (1992). The authors have demonstrated that the residues of one

stage melting of typical peridotites at high pressures (> 3 GPa) produce garnets with less than 3-
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4 wt.% Cr203. It was suggested that more Cr-rich population of low Ca garnets requires a multiple
melt extraction: on the one hand, whether such conditions can be widespread in the Earth’s history
remains unclear; on the other hand, the formation of such residues can be well explained by melting
in the stability region of spinel, e.i. by low pressure melting that leaved a residue with high Cr/Al
ratios (Ringwood, 1977). According to the idea of this study, growth of garnet occurred in
subsolidus conditions at 5.5 GPa and 1300 °C in Cr-rich starting compositions. The mechanism of
growth of garnet crystals in the experiment represents the formation of so-called “metacrystals”
which grew metasomatically in a solid medium due to thin capillary films of feeding solution
surrounding them, replacing the surrounding minerals (Grigoriev and Zhabin, 1975). During the
experiments, fluid of C-O-H composition located in the interstices between mineral grains and
transported the petrological components. Such interstices between minerals are clearly seen in the
microphotographs and SEM images (Fig. 2). In the present experiment temperature was not
changed. As was shown by Brey et al. (1990) in experiments with natural lherzolitic compositions,
Cr in garnet does not change with increasing temperature in the range of 900-1300 °C. Further
increase of temperature in our system leads to the appearance of melt, which most probably will
decrease the role of fluid phase due to its dissolution in the melt. The pressure in experiments was
not changed as well. The experiments performed by Canil and Wei (1992) with spinel-harzburgite,
when the authors obtained garnets with very high Cr2O3 contents, were conducted at higher
pressure (8 GPa). Here, it should be taken into account that at such pressures an excess of SiO2 in
garnet becomes noticeable (majoritic component). As noted above, the synthesised Cr-rich garnets
were obtained at 5.5 GPa, however, they contained a minor Si excess. The obtained fact does not
allow to discuss the presence of majorite in experiment as such, although the following
considerations should be taken into account: Akaogi and Akimoto (1977) studied pyroxene-garnet
solid-solutions in the system Mg4Si4O12-Mg3ALSi3012 in the pressure range of 4-20 GPa and
showed that the solubility of pyroxene component in garnet increases gradually with increasing
depth. They suggested that pyroxenes begin to react with the already present pyrope-rich garnet at
depths around 150 km, which corresponds to the pressures close to that of the present experiment.
Most probably, the minor excess of Siin obtained garnets is characteristic of a blurred transition
between the normal and majorite-containing garnet. It should also be taken into account that
“Majoritic knorringite becomes more Cr-deficient with increasing pressure, which is similar to the
Al-deficient nature of majoritic garnet in the MgSiO3 — AL2O3 system” (Zou and Irifune, 2012). In
other words, further increase of pressure would mostly increase Si content, but not Cr in garnet.
Additionally, plotted on Si vs (Al+Cr) diagram (Fig. 5) the synthesised garnets matches the trend

proposed by Stachel et al. (2005) for majoritic garnets from diamond inclusions.
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Fig. 5. Si vs AH+Cr for garnet inclusions in natural diamonds worldwide, reproduced after Stachel
et al., 2005. Yellow circles with crosses — experimental data of the present study.

In this context, diamond crystal with inclusions of both majoritic and “normal” garnet is worth
noting (Sobolev et al., 2004) — the genesis of this diamond is explained by growth under the
decrease of pressure. This suggests that the limit of 16 wt.% Cr203, which characterises 95% of
natural peridotitic garnets, corresponds to the pressures at which the displacement of Cr (Al) by

majoritic component is not noticeable.

Conclusions

The article presents the results of experiments on crystallisation of a subcalcic pyrope with the aim
to determine the maximal Cr content in the garnet. The system chemistry coincides with that of
natural spinel-harzburgite characterised by typical Cr/Cr+Al and the mineral association in
experimental products consisted of Mg-olivine, orthopyroxene, Cr-spinel and Cr-garnet. The
garnet synthesis occurred in subsolidus conditions in the presence of C-O-H fluid, which
demonstrated a possible scenario of metasomatic formation of Cr-rich pyrope at P-T parameters
of the formation of typical lithospheric diamonds. The use of natural carbonatite as a source of Ca
showed the crystallisation of garnet with varying contents of Ca and almost the same Cr, which is
in agreement with the existing trend for carbonatite metasomatism — introduction of small amount
of Ca-carbonatite into depleted harzburgite (approximately 2 wt.%) shifts the garnet compositions
to more Ca-rich, but did not lead to further increase of Cr. The experiments confirmed the
boundary at 16 wt.% Cr203 forsubcalcic Cr-rich pyrope associating with diamond as was proposed

earlier by N.V. Sobolev. It is concluded that garnets with higher Cr cannot form due to the change
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of pressure or temperature. The origin of natural samples of Ca-rich lherzolitic/wherlitic and Ca-
poor harzburgitic garnets with more than 16 wt.% Cr203 isattributed to the specific Ca/Cr/Al ratios
of the medium, although the rarity of such garnets indicates that such conditions rarely occurred

in the Earth’s history.
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Table 1. Products after the experiments at 5.5 GPa and 1300 °C.

Run No. Starting charge: Carbonatite Growth of
Serp+Chr+Cor, in starting charge, Run products garnet
wt.% wt.% on chromite
1 94-3-3 - Ol, Opx, Gar, Sp, Chr, Cor +
2 94-3-3 - Ol, Opx, Gar, Sp, Chr, Cor +
3 93-3-3 1 Ol Opx, Gar, Sp, Chr, Cor +
4 93-3-3 1 Ol, Opx, Gar, Sp, Chr, Cor +
5 92-3-3 2 Ol, Opx, Gar, Sp, Chr, Cor +
6 92-3-3 2 Ol, Opx, Gar, Sp, Chr, Cor +

Notes: Serp — serpentine, Ol — olivine, Opx — orthopyroxene, Gar — garnet, Sp — spinel, Chr —
chromite, Cor — corundum.
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Table 2. Representative chemical composition of garnet synthesised in contact with chromite
(Wt.%).

sample 1 2 3 4 5 6 7 8 9

Si02 42.05 41.93 42.03 4231 42.07 42.05 4196 41.87 41.63
TiO» 0.09 0.10 0.10 0.08 0.09 0.11 0.12 0.12 0.17
ALOs3 11.58 11.88 12.02 11.74 11.7 11.62 10.84 11.43 10.61
Cn0s3 1582 15.16 15.10 15.59 1494 1492 16.23 1528 16.09
FeO 338 348 355 338 341 344 322 352 3.67
MnO 0.08 0.07 0.09 0.08 0.08 0.09 0.1 0.08 0.08
MgO 23.46 23.58 23.67 2338 21.99 21.84 2134 21.23 19.73
CaO 3.00 326 283 321 515 521 547 6.10 749
Na2O 0.01 0 003 0.01 0.04 001 0.02 0.03 0.03
total 99.47 99.46 99.42 99.78 99.47 99.29 99.30 99.66 99.50

VSi 3.066 3.057 3.061 3.074 3.079 3.084 3.089 3.074 3.084
VITi 0.005 0.005 0.005 0.004 0.005 0.006 0.007 0.007 0.009
VIAL 0.995 1.021 1.032 1.005 1.009 1.004 0.941 0.989 0.927
VICr 0912 0.874 0.870 0.895 0.865 0.865 0.945 0.887 0.943
VIllFe++ 0.206 0.212 0.216 0.205 0.209 0.211 0.198 0.216 0.227
VIiMn -~ 0.005 0.004 0.006 0.005 0.005 0.006 0.006 0.005 0.005
VIiMg  2.550 2.563 2.570 2.532 2.400 2.388 2.342 2.323 2.179
VIICa  0.234 0.255 0221 0.250 0.404 0.409 0.432 0.480 0.595
VIIINa ~ 0.001 0.000 0.004 0.001 0.006 0.001 0.003 0.004 0.004
S Cat 7976 7.991 7985 7.972 7981 7976 7.963 7.984 7.974
Fe# 748 765 7776 750 800 812 780 851 945
Cr# 47.82 46.12 4573 47.11 46.14 46.28 50.11 47.28 50.43
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Table 3. Representative chemical composition of olivine after the experiments (wt.%).

sample 1 2 3 4 5 6 7

SiO2 4231 42.02 4221 4225 42.1 41.88 42.12
TiO> 0 0 0 0 0 0 0
ALOs3 0 0 0 0 0 0 0

Crn03  0.12 0.22 02 014 026 0.17 0.27
FeO 286 298 271 274 288 311 2.63

MnO 0 0 0 0 0 0 0
MgO  54.07 54.05 54.45 54.03 54.11 53.83 54.21
CaO 0 0 0 0 0 0 0

total 99.36 99.27 99.57 99.16 99.35 98.99 99.23

Si 1.009 1.004 1.004 1.009 1.005 1.004 1.005
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.004 0.004 0.003 0.005 0.003 0.005
Fe++ 0.057 0.060 0.054 0.055 0.057 0.062 0.053
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 1.922 1926 1.932 1923 1.925 1.924 1.929
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000
S Cat 2990 2.994 2994 2990 2.993 2994 2.992
#Fet+ 288 3.00 272 277 290 3.14 2.65
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Table 4. Representative chemical composition of orthopyroxene after the experiments (wt.%).

sample 1 2 3 4 5
SiO2 59.15 59.03 59.10 59.22 59.30
TiO» 0 0 0 0 0

ALOs 055 062 067 039 046
Cr,Os 056 085 064 056 043
FeO 1.59 150 185 1.72 1.64

MnO 0 0 0 0 0
MgO  37.86 3797 37.64 37.86 38.04
CaO 0 0 0 0 0
total 99.71 99.97 99.90 99.75 99.87
Si 1.997 1990 1.994 2.000 1.999
Ti 0.000 0.000 0.000 0.000 0.000

Al 0.022 0.025 0.027 0.016 0.018
Cr 0.015 0.023 0.017 0.015 0.011
Fe 0.045 0.042 0.052 0.049 0.046
Mn 0.000 0.000 0.000 0.000 0.000
Mg 1.906 1.908 1.894 1.906 1.912
Ca 0.000 0.000 0.000 0.000 0.000
S Cat 3984 3987 3.984 3.985 3.986
Fe# 230 217 2.68 249 236
Mg#  40.58 4791 39.05 49.06 38.54
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Table 5. Representative chemical composition of spinel after the experiments (wt.%).

sample 1 2 3 4 5
TiO2 0 0 0 0 0
ALlO3 9.18 7.22 7.70 10.37 4.26
CrnO3 6596 6736 6644 60.57 70.04
FeO 7.63 747 9.63 1445 8.96
MnO 0 0.31 0 0 0
MgO 17.10 16.94 16.01 14.04 15.97
total 99.87 99.30 99.78 99.43 99.23

Ti 0.000 0.000 0.000 0.000 0.000
Al 0.343 0.274 0.292 0397 0.165
Cr 1.651 1.712 1.690 1.555 1.817
Fe 0.202 0.201 0.259 0.392 0.246
Mn 0.000 0.008 0.000 0.000 0.000
Mg 0.807 0.812 0.768 0.680 0.781
S Cat 3.003 3.007 3.009 3.024 3.009
Fe# 20.02 19.83 2523 36.60 23.94
Cr# 82.82 86.22 85.27 79.67 91.69
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