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Abstract

Pyrope xenocrysts (N = 52) with associated inclusions of Ti- and/or Cr-rich oxide minerals from the Aldanskaya dyke and Ogonek
diatreme (Chompolo field, southeastern Siberian craton) have been investigated. The majority of xenocrysts are of lherzolitic paragenesis
and have concave-upwards (normal) rare earth element (REEN) patterns that increase in concentration from light REE to medium–
heavy REE (Group 1). Four Ca-rich (5.7–7.4 wt.% CaO) pyropes are extremely low in Ti, Na and Y and have sinusoidal REEN spectra,
thus exhibiting distinct geochemical signatures (Group 2). A peculiar xenocryst, s165, is the only sample to show harzburgitic derivation,
whilst demonstrating a normal-to-weakly sinusoidal REEN pattern and the highest Zr (93 ppm) and Sc (471 ppm). Chromite–magne-
siochromite, rutile, Mg-ilmenite and crichtonite-group minerals comprise a suite of oxide mineral inclusions in the pyrope xenocrysts.
These minerals are characteristically enriched in Cr with 0.6–7.2 wt.% Cr2O3 in rutile, 0.7–3.6 wt.% in Mg-ilmenite and 7.1–18.0 wt.% in
the crichtonite-group minerals. Complex titanates of the crichtonite group enriched in large ion lithophile elements (LILE) are high in
Al2O3 (0.9–2.2 wt.%), ZrO2 (1.5–5.4 wt.%) and display a trend of compositions from the Ca–Sr-specific varieties to the Ba-dominant
species (e.g. lindsleyite). In the pyrope xenocrysts the oxides coexist with silicates (clino- and orthopyroxene and olivine), hydrous sili-
cates (talc, phlogopite and amphibole), carbonate (magnesite), sulfides (pentlandite, chalcopyrite, breakdown products of monosulfide
and bornite solid solutions), apatite and graphite. P–T estimates imply the inclusion-bearing pyrope xenocrysts have been derived from
low-temperature peridotite assemblages that resided at temperatures of ~600–800°C and a pressure range of ∼25–35 kbar in the graphite
stability field. Pyrope genesis is linked to the metasomatic enrichment of peridotite protoliths by Ca–Zr–LILE-bearing percolating fluid–
melt phases containing significant volatile components. These metasomatic agents are probably volatile-rich melts or supercritical C–O–
H–S fluids that were released from a Palaeo-subduction slab.
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Introduction

Kimberlite, lamproite and lamprophyre magmas sample a wide
variety of xenogenic material from the subcontinental lithospheric
mantle. In contrast to olivine and pyroxenes, pyrope and
diamond xenocrysts are resistant constituents of mantle material
carried to the surface by deep-seated magmas. Their ability to
encapsulate mineral inclusions makes them an important source
of information even on the deepest domains of the subcontinental
lithospheric mantle. Xenocrysts of Cr-pyrope from kimberlites
have been employed widely in mantle petrology and geochemistry

as well as diamond exploration, providing clues to the compos-
ition, structure and evolution of the subcontinental lithospheric
mantle (e.g. Gurney and Switzer, 1973; Sobolev et al., 1973;
Dawson and Stephens, 1975; Schulze, 1989; Gurney and
Zweistra, 1995; Griffin et al., 1999a, 1999b; Pokhilenko et al.,
1999; Canil et al., 2003; Grütter et al., 2004, 2006, 2018; Scully
et al., 2004; Malkovets et al., 2007; McLean et al., 2007;
Kobussen et al., 2009; Ziberna et al., 2013; Shchukina et al.,
2016; Rezvukhin et al., 2018; Zhu et al., 2019; Smith, 2020).
Much effort has also been made to characterise kimberlitic dia-
monds and their associated inclusions (see reviews in Stachel
and Harris, 2008; Shirey et al., 2013). These studies have signifi-
cantly improved our knowledge of the processes occurring in
the lithospheric mantle of ancient cratons and contributed to
the progress of mantle geoscience. Another insightful approach
might be to study the mantle from the view of inclusions hosted
by Cr-pyrope. As yet, however, minerals embedded in Cr-pyrope
xenocrysts from deep-sourced magmatic rocks (especially other
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than kimberlites) have received only limited attention. In seeking
to understand the genesis of pyrope in the subcontinental litho-
spheric mantle and address the problem of garnet modification
by metasomatic liquids, it is desirable to study mineral inclusions
in Cr-pyrope samples from various occurrences of deep-seated
mantle rocks the world over.

Available mineralogical data indicate the Cr-pyrope of the
lherzolitic paragenesis as being the principal host for a series of
Ti-rich oxide inclusions namley: rutile, Mg-rich ilmenite (‘picroil-
menite’), crichtonite-group minerals, srilankite and carmichaelite
(Botkunov et al., 1987, Kostrovitsky and Garanin, 1992, Wang
et al., 1999; Săbău and Alberico, 2003; Vrana, 2008; Alifirova
et al., 2012, 2020; Ziberna et al., 2013; Nikolenko et al., 2017,
2021; Rezvukhin et al., 2018, 2019). Although there is character-
istic enrichment in Ti and Fe, these oxide phases also contain ele-
vated amounts of silicate-incompatible elements, such as
high-field-strength elements (HFSE: Nb, Zr and Ta) in rutile,
Zr in srilankite, and an exotic array of large ion lithophile ele-
ments (LILE: Ba, Sr and K), HFSE, and light rare earth elements
(LREE: La, Ce) in the crichtonite-group minerals. These compos-
itional characteristics are atypical compared to depleted perido-
tites of the subcontinental lithospheric mantle, which are
considered as representing a residue after high degrees of melt
extraction (e.g. Boyd, 1989; Walter, 1998; Griffin et al., 2003;
Doucet et al., 2012). The distinctive compositions of inclusions
associated with Cr-pyrope (i.e. enrichment in incompatible ele-
ments) might indicate the metasomatic origin of some lherzolitic
garnets in the lithospheric mantle of ancient cratons, as suggested
previously (e.g. Hoal et al., 1994; Griffin et al., 1999c; Stachel
et al., 2004; Howarth et al., 2014).

The Aldan shield (southeastern Siberian craton) is a geological
structure of prime interest with regard to a rich diversity of alka-
line magmatic rocks exposed in the area. Although the scientific
possibilities to explore these rocks have been hindered by their
remoteness and inaccessibility, research of the petrology and geo-
chemistry of lamproites, carbonatites and complex alkaline mas-
sifs has been carried out (e.g. Makhotkin et al., 1989; Bogatikov
et al., 1991; Mitchell et al., 1994; Mues-Schumacher et al., 1995,
1996; Kornilova, 1997; Vladykin, 1997, 2009; Davies et al.,
2006; Nikolenko et al., 2020b). The studies of lamproites, which
are the dominant deep-seated rocks of mantle origin within the
Aldan shield, were partly stimulated by the discovery of diamond-
iferous lamproites in West Kimberley, Western Australia (Jaques
et al., 1984) and Prairie Creek, USA (Smith and Skinner, 1984).
The subcontinental lithospheric mantle beneath the Aldan shield
remains one of the least studied mantle sections within the
Siberian craton, because xenogenic material of deeply-sourced
rocks has been given a much lower priority compared to the
host rocks. Apart from a few reports dealing with mantle-derived
garnet and clinopyroxene xenocrysts from the Chompolo and
Tobuk–Khatystyr fields (Kostrovitsky and Garanin, 1992;
Varlamov et al., 1996; Ashchepkov et al., 2001; Nikolenko et al.,
2017, 2021; Alifirova et al., 2020) and a series of investigations
devoted to the xenoliths occurring in alkali basalts from Tok,
Stanovoy terrane, southern Aldan shield (Ionov et al., 2005;
Tommasi et al., 2008 and references therein), little is known of the
composition, structure and thermal state of the lithospheric mantle
beneath the Aldan shield. Located in the Central Aldan, lampro-
phyres of the Chompolo field are a valuable source of information
concerning mantle parageneses as they contain abundant
Cr-pyropexenocrysts with associatedmineral inclusions of remark-
able diversity: Ti–Cr-rich oxides, silicates, carbonates, sulfides,

hydrousminerals, graphite and composite polymineralic inclusions
(Kostrovitsky and Garanin, 1992; Nikolenko et al., 2017, 2021;
Alifirova et al., 2020; this study).

This contribution reports detailed mineralogical and geochem-
ical data for pyrope xenocrysts with oxide inclusions from the
Aldanskaya dyke and Ogonek diatreme, two lamprophyre bodies
of the Chompolo field. In the discussion we provide P–T estimates
for the samples investigated, compare inclusion composition with
existing data for Ti-oxide minerals from the lithospheric mantle,
and make an attempt to constrain the nature of the melts/fluids
that gave rise to crystallisation of the xenocryst mineral suite.
The Aldan shield represents a craton–margin setting that has
been affected by a series of subduction episodes, accompanied
by crustal thinning (e.g. Ionov et al., 2005; Khomich et al.,
2015). On a global scale, our data might have implications for
metal transfer and ore-forming processes in craton–margin set-
tings affected by subduction (Holwell et al., 2019), and for the
role of the continental lithosphere in Earth’s volatile cycle
(Gibson et al., 2020).

Geological setting

The Siberian craton occupies an area of 4×106 km2. It is com-
posed of Archean and Proterozoic microcontinents (terranes)
that underwent final amalgamation at ca. 1.9 Ga (Rosen et al.,
1994; Rosen and Turkina, 2007; Smelov and Timofeev, 2007;
Paquette et al., 2017; Donskaya, 2020). The major part of the cra-
ton (∼70%) is covered by a thick (1–8 km) layer of Phanerozoic
sedimentary rocks. The exposures of crystalline basement are
related to tectonic uplifts and comprise <30% of the craton
area. The Aldan Shield is the largest (350×1200 km) exposure
of the Siberian craton. This crops out at the southeast part
of the shield and consists of several terranes, which are bounded
by faults and collisional suture zones (Fig. 1) (Smelov and
Timofeev, 2005). As a consequence of intense magmatic activity
throughout its geological history, the Aldan shield contains
numerous major ore deposits of uranium, gold, platinoids and
rare metals formed during the Early Precambrian to Late
Mesozoic, as well as ultramafic- and mafic-alkaline
plutons, lamproites, and lamprophyres (Smelov and Timofeev,
2005; Khomich et al., 2015). The Central Aldan superterrane con-
sisting of the Nimnyr and Sutam terranes is a stable granulite–
gneiss ancient cratonic domain of the Aldan shield, though it
experienced an intense Mesozoic tectono–magmatic reworking
accompanied by a pronounced alkaline magmatism (Bogatikov
et al., 1991).

The Chompolo lamprophyres belong to the Aldan alkaline
suite of rocks which also comprises alkaline massifs with lam-
proite occurrences (Murun, Lomam, Yakokut, Inagli, Tommot,
Bilibin, Konder and others), lamproite pipes and dykes
(e.g. Kayla, Molbo and Khani), diatremes of the Tobuk–
Khatystyr field and numerous alkaline/subalkaline dykes and
sills (Bogatikov et al., 1991, 1994; Vladykin, 1997; Davies et al.,
2006). The Chompolo area is a part of the Central Aldan super-
terrane and lies within the Amga collision suture zone between
the West Aldan granite–greenstone composite terrane and
Nimnyr granulite–orthogneiss terrane (Smelov and Timofeev,
2005) (Fig. 1). The Aldanskaya dyke was discovered in 1957
and other magmatic bodies of the Chompolo field were found
soon after. Initial studies classified the Chompolo mantle-derived
rocks as kimberlites (Shilina and Zeitlin, 1959); but they have
been re-classified subsequently as lamproites (e.g. Bogatikov
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et al., 1991) or lamprophyres (Kornilova, 1997; Nikolenko et al.,
2020b). Here we will refer to the Chompolo intrusions as lampro-
phyres on the basis of the most recent and accurate petrographic
descriptions by Kornilova (1997) and Nikolenko et al. (2020b).
Within the Chompolo district, there are six pipes (Ogonek,
Gornaya, Perevalnaya, Sputnik, Intrusions No. 29 and No. 104),
two dykes (Aldanskaya, Kilier) and veins Osenniye (Vladimirov
et al., 1989). All of these lamprophyre bodies vary significantly in
size (e.g. the Aldanskaya dyke covers 800 m × 25 m; Ogonek pipe
– 100 m × 80 m; Gornaya pipe – 100 m × 40 m). The Chompolo
lamprophyres consist of clastic tuff breccia, in addition
the diatremes Perevalnaya and Intrusion No. 104 exhibit massive
textures (Kornilova, 1997). Abundant (30–70 vol.%) xenogenic
fragments are dominated by xenoliths of metamorphic rocks and
xenocrysts of uppermantle origin (pyrope, diopside, enstatite, chro-
mium spinel, phlogopite and Mg-rich ilmenite) (Kornilova, 1997;
Nikolenko et al., 2020b). The majority of mantle-derived xenoliths
are extensively weathered and disintegrated.

The lamprophyres of the Chompolo field are poorly charac-
terised and for most of these rocks isotopic age determinations
are not available. Until recently, the age only of Intrusion No.
104 was available (131 ± 4 Ma, Rb–Sr isochron ages of phlogopite;
Zaitsev and Smelov, 2010). Nikolenko et al. (2020b) provided add-
itional age constraints for the Aldanskaya dyke (157.0 ± 1.6 Ma)
and Ogonek diatreme (137.8 ± 1.2 Ma) on the basis of
K-richterite Ar–Ar radiometric ages. For the lamprophyre sills
located in the nearby Upper Amga alkaline complex, ages in
the range of ca. 117–135 Ma have been determined (Ar–Ar radio-
metric ages of phlogopite and K-feldspar; Prokopyev et al., 2019
and references therein). The Chompolo rock occurrences are

probably related to the extensive magmatic events that
were widespread within the Central Aldan between ca. 175 and
120 Ma (Bogatikov et al., 1991; Ivanov et al., 2018). The available
K–Ar ages of phlogopite constrained the age of the Aldan lam-
proites at 147–120 Ma, except for the Khani ones located in the
Western Aldan which are Proterozoic (1.8–1.9 Ga) (Makhotkin
et al., 1989; Bogatikov et al., 1991; Mues-Schumacher et al.,
1995, 1996; Vladykin, 1997).

Samples and methods

Garnet xenocrysts were sampled from exploration trenches and
pits within the Chompolo lamprophyre bodies and examined
using optical microscopy. The majority of garnets in the concen-
trate population (sieve class 2–4 mm) are intense red in colour,
with minor amounts of orange species presumably of eclogitic
or pyroxenitic paragenesis. Note that some of the orange and
red garnets contain a characteristic network of regularly spaced
and preferentially oriented thin (0.1–3 μm) lamellae of rutile
(and perhaps silicates), which might be of solid-state exsolution
origin. During hand-picking we tried to avoid garnets with such
preferentially oriented dense frameworks of inclusions and
focused on xenocrysts with larger encapsulated minerals suitable
for microprobe analysis. The occurrence of dark-coloured oxide
inclusions of appreciable size (>10 μm in smallest dimension)
was the primary criterion for sample selection. The pyrope crys-
tals containing relevant inclusions were mounted in epoxy resin
and subsequently ground and polished to expose the inclusions
on the surface. This investigation is based on a subset of 48
Cr-pyrope xenocrysts from the Aldanskaya dyke and four crystals

Fig. 1. Tectonic sketch map of the Aldan shield. Inset shows location of the Aldan shield within the Siberian craton. Modified after (Smelov et al., 2012).
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from the Ogonek diatreme. On the basis of visual inspection of
hundreds of garnet grains from the Chompolo rocks, we argue
that this set of samples is representative enough to cover all pos-
sible inclusion textures in Chompolo pyropes and a major range
of garnet and oxide mineral compositions.

Back-scattered electron (BSE) images and preliminary com-
positional data were acquired using a Tescan MIRA 3 LMU scan-
ning electron microscope (SEM) equipped with an INCA 450+
XMax-80 X-ray energy-dispersive spectroscopic (EDS) system
(Oxford Instruments). A JEOL JXA-8100 electron microprobe
(EMP) was employed to perform quantitative analyses of major
elements in minerals. The SEM-EDS and EMP analytical proce-
dures were undertaken at the Analytical Center for
Multi-elemental and Isotope Research, Sobolev Institute of
Geology and Mineralogy, Siberian Branch of the Russian
Academy of Sciences (IGM SB RAS). Analytical conditions on
the EMP instrument were a 20 kV accelerating voltage, 20 nA cur-
rent (100 nA for crichtonite-group minerals), ∼1–2 μm beam
diameter, and spectrum acquisition times of 20–50 s for peak
and background. Several spots on each garnet were analysed to
determine homogeneity. A number of natural and synthetic stan-
dards were used. ZAF and CITZAF matrix corrections were
applied. The standards employed for routine calibration and
instrument stability monitoring were garnet (O-145), ilmenite
(GF-55), rutile (TiO2), chromite (79/62) and several synthetic
compounds, e.g. Ba- and Sr-doped glasses. Particular attention
was given to the overlap corrections for Ti and V, Ti and Ba, Ti
and Ce, Ba and Ce when analysing the oxide minerals. Limits
of detection were 0.01–0.04 wt.% oxide. Estimated precision of
the analyses was below 1–2% for major and below 5% for
minor oxides. In order to avoid signal contributions from the
host garnet, EMP analyses of inclusions were performed on
exposed grains with diameter ≥10 μm. To check for possible
host garnet contribution Si was included in the sets of analysed
elements. A few analyses of oxide inclusions with SiO2 concentra-
tion >0.4 wt.% were rejected from the database.

Confocal Raman spectroscopy was carried out in several sam-
ples to identify minerals within unexposed inclusions to provide
better representation of the inclusion associations in the xeno-
crysts. The Raman spectra were collected using a Horiba Jobin
Yvon LabRAM HR800 Raman microspectrometer equipped
with a 532-nm Nd:YAG laser and an Olympus BX41 microscope
at IGM SB RAS. The spectra were acquired at room temperature
in back-scattered geometry with a spectral resolution of∼2 cm–1.
The system was calibrated using the 520.7 cm–1 Raman band of a
silicon wafer before and after each experimental session. The
RRUFF project database (http://rruff.info/; Lafuente et al., 2015)
and CrystalSleuth application (Laetsch and Downs, 2006) were
used for mineral identification.

The trace-element composition of the garnets (29 elements,
including Na, Zr, Y, Sc, V, U, Th, Pb, Ni, Ba, Sr, Ti, Nb, Ta, Hf
and REE) was determined in situ by laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) at Zavaritsky
Institute of Geology and Geochemistry (Analytical center
“Geoanalitik”, Ural Branch of the Russian Academy of
Sciences). An ESI NWR 213 nm laser ablation system was coupled
to a PerkinElmer NexION 300S quadrupole mass spectrometer.
The garnets were ablated by a laser pulsed at 10 Hz with an energy
of 10.5–11.5 J/cm2. Helium was used as carrier gas at ∼400 ml/
min flow and data were acquired in time resolved mode.
Generally, one spot per garnet was analysed and the diameter
of the resulting crater was ∼50 μm. The NIST SRM 612 multi-

element glass was used as a primary standard, whereas the CaO
concentration (wt.%) in garnet was used as an internal standard.
Each block of analyses consisted of measuring 10 unknowns pre-
ceded and followed by measuring the NIST glass. Detection limits
were below 0.1 ppm for most elements (99% confidence), with
the exception of Sc, Ti, V, Ni (considerably below 1 ppm) and
Na (∼1 ppm). Analytical precision was better than 8% (1σ).
The individual measurements were normalised and reduced to
concentrations using GLITTER software v. 4.4 (Griffin et al., 2008).

Mineralogy and textures of inclusions

All the pyrope xenocrysts investigated host oxide mineral inclu-
sions and oxide-bearing polymineralic assemblages. A summary
of samples is shown in Table 1, representative photographs of
the pyrope xenocrysts are given in Fig. 2, and the inclusion tex-
tures in Fig. 3. The pyrope xenocrysts are irregular in shape and
range in size from 2 to 4 mm. Most pyropes are devoid of kelyphi-
tic rims. Rutile, Mg-rich ilmenite and crichtonite-group minerals
(Ti-rich oxide suite) are the most abundant enclosed minerals in
the Chompolo pyropes and are associated commonly with each
other (Table 1), forming euhedral needle-, rod- and blade-like
prismatic inclusions, with a typical diameter of 5–30 μm and
length up to 2 mm. Mg-ilmenite and crichtonite-group minerals
also form lamellae and thin (<10 μm) platy grains. Several grains
of Ti-rich oxides exceed 100 μm in the smallest dimension. Large
(>20 μm) rutile inclusions typically contain fine (<1 μm) ilmenite
lamellae (e.g. Fig. 3e). The quantity of the elongated Ti-rich oxide
grains in the xenocrysts is estimated to vary from several dozens
to two hundred. The rutile needles are orange–mauve in colour
and are semi-transparent, whereas the inclusions of Mg-rich
ilmenite and crichtonite-group minerals are jet-black and opaque
(Fig. 2), being semi-transparent only in very thin slices.
Typically, the elongated inclusions of the Ti-oxides are oriented
in host pyrope along specific directions (Fig. 2). Large inclusions
of Cr-spinel (up to 300 μm) are located separately from the
Ti-oxides in distinct xenocrysts (Fig. 2g–i), where they are either
octahedral or show more complex morphology with an increased
number of facets. Composite associations of Ti-oxides and
Cr-spinel appear in several samples; in such cases Cr-spinel is a
smaller mineral (10–50 μm; Fig. 3f).

Within individual pyrope xenocrysts, the oxide inclusions are
commonly associated with silicates (clino- and orthopyroxene
and olivine), hydrous silicates (talc, phlogopite and amphibole),
carbonate (magnesite), sulfides (pentlandite, chalcopyrite, break-
down products of monosulfide and bornite solid solutions), apa-
tite and graphite (Table 1). Among the silicate minerals, olivine
and Cr-diopside predominate, and only two grains of enstatite
were found: (1) as an intergrowth with Cr-diopside and (2) as a
grain in a composite polymineralic inclusion. Intergrowths of
the oxides with each other and with the silicates are abundant
(Fig. 3). For example, in xenocryst ALD-1-6 seven intergrowths
of various modal compositions have been recognised within a sin-
gle pyrope (see Fig. 3 and Table 1 for specific associations).
Fe-rich talc occurs abundantly as individual inclusions or as inter-
growths with the Ti-oxides (Fig. 3j). Talc is never associated with
cracks extending to the edge of the host, implying its syngenetic ori-
gin. Four pyrope xenocrysts contain rounded or irregularly-shaped
complex polymineralic intergrowths, where oxides (rutile, Mg-rich
ilmenite, crichtonite-group minerals and Cr-spinel) comprise char-
acteristic composite aggregates with silicates (enstatite), hydrous sili-
cates (phlogopite, amphibole), sulfides and carbonate (magnesite).
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These complex inclusions contain six to eight different minerals (see
Table 1 and Fig. 3 for specific associations).

Garnet compositions

Microprobe determined compositions show that individual garnet
grains are homogeneous, except for minor diffusional halos
around large Cr-spinel inclusions. All the garnets are chromium

pyropes with Mg# = 100×Mg/(Mg + Fe) varying from 73.6 to 84.4.
Bivariate and normalised trace-element distribution plots
illustrating the composition of the xenocrysts are shown in Fig. 4
and Fig. 5, respectively. Major- and trace-element compositions are
given in Supplementary Table S1. Strontium concentrations in all
the samples are low (<< 2 ppm). Nickel contents are relatively low
and vary only from 8.9 to 16.3 ppm. Niobium and Ta abundances
are below primitive mantle and TiO2 levels do not exceed 0.40 wt.%.

Table 1. Summary of sample data.

Sample Site Group Paragenesisa Ni (ppm) b TNi (°C)
c PCa–Cr

d Inclusion associations*

ALD-1-1 Aldanskaya 1 G9 13 712 24 Rt+Ilm+CGM+Cpx+(Ilm+Dol)
ALD-1-2 Aldanskaya 1 G9 13 700 29 Rt+Ilm+CGM+Ol+(Rt+Spl)+(Rt+Ol)+(Spl+Talc)

+(Spl+Talc)+(Cpx+Talc)+Talc
ALD-1-3 Aldanskaya 1 G9 14 720 26 Rt+Ilm+CGM+(Rt+Ilm)
ALD-1-4 Aldanskaya 1 G9 12 689 30 Rt+CGM+(Rt+Ol)+(Rt+CGM+Cpx+Talc)+(Cpx+Opx)
ALD-1-5 Aldanskaya 1 G9 14 723 24 Rt+Ilm+CGM
ALD-1-6 Aldanskaya 1 G9 13 710 27 Rt+Ilm+CGM+(Rt+Ilm)+(Rt+CGM)+(Rt+Ol)

+(Rt+Ilm+Ol)+(Rt+Talc)+(Rt+Cpx+Talc)+(Ilm+Spl)
ALD-1-7 Aldanskaya 1 G9 14 721 31 Rt+CGM+(Rt+Ol)
ALD-1-8 Aldanskaya 1 G9 12 689 24 Rt+Ilm+CGM+(Rt+Ilm)
ALD-1-9 Aldanskaya 1 G9 14 714 26 Rt+Ilm+CGM+(Rt+Ilm)
ALD-1-10 Aldanskaya 1 G9 13 701 30 Rt+CGM+(Rt+Ilm+CGM)
ALD-1-11 Aldanskaya 1 G9 15 733 27 Rt+Ilm+CGM+(Rt+Ilm+Ol)
ALD-1-12 Aldanskaya 1 G9 9 646 21 Rt+Ilm
ALD-1-13 Aldanskaya 1 G9 12 694 27 Rt+Ilm+CGM
ALD-1-14 Aldanskaya 1 G9 13 706 29 Rt+Ilm+CGM+Dol
ALD-1-15 Aldanskaya 1 G9 13 713 26 Rt+CGM+(Rt+Ilm+Phl)+(Rt+Talc)
ALD-1-16 Aldanskaya 1 G9 15 733 27 Rt+Ilm+(Rt+Ol)
ALD-2-C Aldanskaya 2 G12 10 655 25 Spl
ALD-3-1 Aldanskaya 2 G9 11 680 27 Spl
ALD-3-2 Aldanskaya 1 G9 12 688 25 Rt+Ilm+CGM
ALD-3-3 Aldanskaya 2 G9 12 695 27 Spl
ALD-3-4 Aldanskaya 2 G9 11 676 27 Spl
ALD-3-5 Aldanskaya – G9 14 723 30 Spl
ALD-3-6 Aldanskaya 1 G9 11 671 23 Rt+Ilm+CGM
ALD-3-7 Aldanskaya 1 G9 13 706 28 Rt+CGM
ALD-4-1 Aldanskaya 1 G9 10 668 21 Rt+Ilm
ALD-4-2 Aldanskaya 1 G9 11 679 28 Rt+(Rt+Ilm)+(Rt+Ilm+Talc)
ALD-4-3 Aldanskaya 1 G9 10 662 30 Rt+Ilm
ALD-4-4 Aldanskaya 1 G9 9 642 29 Rt+Ilm
ALD-4-5 Aldanskaya 1 G9 14 717 24 Rt+CGM
ALD-4-6 Aldanskaya 1 G9 12 695 28 Rt+Ilm
ALD-4-7 Aldanskaya 1 G9 13 709 30 Rt+Ilm
ALD-4-8 Aldanskaya 1 G9 10 667 23 Rt+Ilm
ALD-4-9 Aldanskaya 1 G9 15 735 28 Rt+Ilm+CGM
ALD-4-10 Aldanskaya 1 G9 14 724 26 Rt+CGM
ALD-4-11 Aldanskaya 1 G9 11 678 30 Rt+Ilm+(Spl+Cpx)
ALD-4-12 Aldanskaya 1 G9 12 684 29 Rt+Ilm+CGM+(Rt+Ilm)
ALD-4-13 Aldanskaya 1 G9 15 736 27 Rt+Ilm
ALD-4-14 Aldanskaya 1 G9 11 671 30 Rt+Ilm
ALD-4-15 Aldanskaya 1 G9 16 748 31 Rt+CGM
ALD-4-16 Aldanskaya 1 G9 14 725 29 Rt+Ilm+CGM
ALD-4-17 Aldanskaya 1 G9 15 739 26 Rt+Ilm
ALD-4-18 Aldanskaya 1 G9 13 701 31 Rt+Ilm
s3 Aldanskaya 1 G9 13 705 20 Rt+Ilm+(Rt+Ilm)+(Rt+Talc)
s21 Aldanskaya 1 G9 13 706 29 Mgs+Cpx+Phl+Gr+(CGM+Ol)+(CGM+Mgs)
s22 Aldanskaya 1 G9 14 722 24 Rt+Ilm+(Rt+Talc)+(Ilm+Talc)+(Ilm+Cpx)
sx2 Aldanskaya 1 G9 13 711 26 (Rt+Spl+Amp+Opx+Mss+Btss+Ccp)
1n11 Aldanskaya 1 G9 15 731 25 Rt+Ilm+CGM+Amp+Ol+Gr+Ccp+(Rt+Cpx+Ap+Mgs)
s165 Aldanskaya – G10 15 735 33 Spl+Talс+Phl
s291 Ogonek 1 G9 13 702 28 (CGM+Spl+Amp+Phl+Mgs+Mss+Pn+Ccp)
s307 Ogonek 1 G9 16 747 32 Rt+CGM+(Rt+CGM+Cpx)+(Rt+Ol)
s317 Ogonek 1 G9 10 666 26 (Rt+CGM+Spl+Phl+Mgs+Btss)
s328 Ogonek 1 G9 16 741 26 Rt+Ilm+CGM

aAfter Grütter et al. (2004); b Ni concentrations are rounded to whole numbers; c after Ryan et al. (1996); d after Grütter et al. (2006). Pressure values for samples with spinel inclusions are
indicated in bold. For other samples the values are minimum pressures (Grütter et al., 2006).
* Minerals in brackets are intergrowths and complex polymineralic inclusions. Amp – amphibole, Ap – apatite, Btss – bornite solid solution, Ccp – chalcopyrite, CGM – crichtonite group
mineral, Cpx – clinopyroxene, Gr – graphite, Grt – garnet, Ilm – Mg-rich ilmenite, Mgs – magnesite, Mss – monosulfide solid solution, Ol – olivine, Opx – orthopyroxene, Phl – phlogopite, Pn –
pentlandite, Rt – rutile, Spl – Cr-spinel.
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On the basis of major- and trace-element compositions and
inclusion assemblages, the garnet xenocryst suite can be classified
into four groups.

Group 1

Group 1 comprises the majority of samples (N = 42) from
Aldanskaya and all four garnets from Ogonek. These garnets exhibit
the composition typical for lherzolitic (G9) pyropes (Sobolev et al.,
1973; Grütter et al., 2004) with Cr2O3 concentrations between
1.93 and 6.35 wt.% and CaO between 4.36 and 6.28 wt.%
(Fig. 4a). The Mg# in pyropes of Group 1 lies in the interval

74.0–80.9. Titanium concentrations range from 856 to 2301
ppm and Na content is 157–532 ppm. MnO varies from 0.43 to
0.68 wt.%. Group 1 garnets feature the convex-upward
medium–heavy rare earth element (M–HREE) enriched (normal)
chondrite-normalised REE distribution patterns (Fig 5b), which
are common for fertile lherzolitic garnets worldwide (e.g.
Stachel et al., 1998). The chondrite-normalised concentrations
rise steeply from La to Sm, whereas from Sm to Lu the patterns
are relatively horizontal (unfractionated) with absolute concentra-
tions at 3–30 times chondrite values (McDonough and Sun,
1995). In Group 1 pyropes the Zr concentrations range from 2
to 82 ppm and Y contents are 5–39 ppm. These xenocrysts exhibit

Fig. 2. Photomicrographs of polished pyrope xenocrysts with oxide mineral inclusions from the Chompolo lamprophyres. Rt – rutile, Ilm – Mg-rich ilmenite
(‘picroilmenite’), CGM – crichtonite group mineral, Spl – Cr-spinel, Cpx – clinopyroxene, Ol – olivine, Phl – phlogopite, Dol – dolomite.
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a wide range of V concentrations (130–382 ppm) and V/Sc ratios
(0.95–2.73). Ti-rich oxides as well as silicate, sulfide, carbonate
minerals and composite polymineralic inclusions are indicative
of pyropes of this group.

Group 2

Group 2 includes four pyropes from Aldanskaya. These garnets
belong to lherzolitic (N = 3) and wehrlitic (N = 1) parageneses
according to Sobolev et al. (1973) and Grütter et al. (2004).
Garnets of Group 2 are relatively high in CaO (5.74–7.42 wt.%)
and contain very similar Cr2O3 content at 4.84–4.95 wt.%
(Fig. 4a). MnO abundances fall near the high end at 0.61–0.66
wt.%. Interestingly, garnets of Group 2 display LREE-enriched
sinusoidal chondrite-normalised REE patterns (Fig 5b). A prom-
inent feature of these samples is very low concentrations of Ti
(219–351 ppm), Na (83–134 ppm) and Y (<2 ppm). Zr in garnets
of Group 2 varies from 3 to 36 ppm, and these samples plot either
within, or immediately near, the field of depleted garnets estab-
lished by Griffin and Ryan (1995) in Zr–Y space (Fig. 4b).
Group 2 xenocrysts are characterised by relatively low V abun-
dances (130–219 ppm) and low V/Sc ratios (0.72–1.37). These
pyrope grains lack Ti-oxide inclusions and enclose individual

grains of Cr-spinel significantly larger (100–300 μm) than those
in pyropes of Group 1 (10–50 μm). Group 2 samples are thus
readily distinguished from garnets of Group 1 on the basis of
both distinctive composition and inclusion associations.

ALD-3-5

A single garnet (ALD-3-5; Aldanskaya) with the lowest Mg#
(73.6) combines the characteristic features of Group 1 and
Group 2 samples. It is relatively high in both CaO and Cr2O3

(6.98 wt.% and 6.34 wt.%, respectively, and thus straddles the
lherzolite–wehrlite boundary) (Fig. 4a) and shows a normal
chondrite-normalised REE distribution pattern (Fig 5b).
However, it is very low in Na (76 ppm) and V/Sc (1.43), is higher
in LREE than Group 1 samples and encloses large inclusions of
Cr-spinel. ALD-3-5 can be considered as intermediate between
Group 1 and Group 2, suggesting the existence of a petrogenetic
link relating these two populations.

s165

A single xenocryst (s165; Aldanskaya) with inclusions of
Cr-spinel, talc and phlogopite is the only sample to show a

Fig. 3. Back-scattered electron images showing monomineralic (a–d) and polymineralic (e–l) inclusions in Chompolo pyropes. Amp – amphibole, Btss – bornite
solid solution, Ccp – chalcopyrite, CGM – crichtonite group mineral, Grt – garnet, Ilm – Mg-rich ilmenite, Mgs – magnesite, Mss – monosulfide solid solution,
Ol – olivine, Opx – orthopyroxene, Phl – phlogopite, Pn – pentlandite, Rt – rutile, Spl – Cr-spinel.
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Fig. 4. Inter-element relationships (a–e) and P–T diagram (f) for Chompolo pyropes with oxide mineral inclusions. (a) Solid and dotted lines indicating fields for
lherzolitic (G9), harzburgitic (G10) and wehrlitic (G12) garnets are after Grütter et al. (2004) and Sobolev et al. (1973), respectively. The isobars (in GPa) are after
Grütter et al. (2006). (b) The Zr–Y plot showing fields for garnet from depleted, fertile and variably metasomatised sources is after Griffin and Ryan (1995). (c, d, e)
Suggested enrichment trends discussed in the text. (f) The P–T diagram showing TNi estimates (Ryan et al., 1996) combined with PCr/Ca pressure values (Grütter
et al., 2006); samples showing minimal pressure values are transparent. The graphite-diamond transition line is after Day (2012). Model conductive geotherms and
mantle adiabat are from Hasterok and Chapman (2011). The probability density plot with histogram was constructed via the Isoplot Add-In (Ludwig, 2003).
Lavender blue line – talc stability field (Pawley and Wood, 1995), green line – pargasite stability field in a K-rich peridotite + CO2 + H2O system (Sweeney, 1994).
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pronounced harzburgitic (G10) affinity (Fig. 4a; Sobolev et al.,
1973; Grütter et al., 2004). This xenocryst is akin to garnets of
Group 1 in having normal REE patterns (though with a weakly
sinusoidal trait; Fig 5b), whilst having very low Na (101 ppm)
and Ti (289 ppm) concentrations similar to garnets of Group
2. Pyrope s165 has moderate Y (14 ppm) yet exhibits the highest
Zr (93 ppm) among the xenocrysts investigated. Sample s165 is
also extremely rich in Sc (471 ppm), which significantly exceeds
the typical scandium abundances of peridotitic garnets (mostly
in the range 75–200 ppm, median ∼120 ppm; Chassé et al.,
2018). In the other Chompolo garnets investigated here, Sc abun-
dances vary between 85 and 220 ppm. In addition, s165 is low in
V (167 ppm), hence the V/Sc ratio of this grain (0.35) is much
lower than that of the other xenocrysts (Fig. 4d).

Composition of the associated inclusions

Rutile

The TiO2 concentration in rutile ranges from 89.3 to 96.7 wt.%
(Supplementary Table S2). The rutile inclusions are enriched in
Cr2O3 (0.61–7.21 wt.%), which is a characteristic feature of rutile
derived from peridotitic mantle parageneses in on-craton settings
(Malkovets et al., 2016). In garnet ALD-1-9 the analysed rutile
inclusions show variations in Cr2O3 abundances: two individual
grains contain 0.61 and 3.03 wt.% Cr2O3, whereas rutile grains
in two intergrowths with Mg-ilmenite in the same host contain
3.06 and 4.36 wt.% Cr2O3. Other substituting components in
the rutile grains (wt.%) are FeO (0.55–2.93), V2O3 (up to 0.59),
Al2O3 (up to 0.39), MgO (mostly < 0.10) and ZrO2 (0.05–0.54).
Other HFSE are negligible (<0.2 wt.% Nb2O5 and <0.1 wt.%
Ta2O5).

Mg-rich ilmenite

The TiO2 concentration in Mg-rich ilmenite varies from 51.3–
57.5 wt.% (Supplementary Table S3). MgO shows variations from
8.3 to 15.1 wt.%. FeOtotal is 24.4–35.5 wt.%. In common with
rutile, Mg-ilmenite is characteristically Cr-rich (0.73–3.59 wt.%
Cr2O3) and also varies in composition within a single pyrope
host in sample ALD-1-9. Mg-rich ilmenite inclusions contain
(wt.%) 0.07–0.28 V2O3, 0.07–0.49 Al2O3, 0.25–0.81 MnO and
0.05–0.41 NiO. High-field-strength elements (Nb, Ta and Zr) are
< 0.1 wt.%. The ilmenite grains demonstrate intermediate

compositions between ilmenite and geikielite with a minor hema-
tite component. The compositional range for Mg-ilmenite in the
Chompolo pyropes generally overlaps with Fe2O3-poor ilmenite
compositions from peridotite xenoliths in kimberlites worldwide
(e.g. Haggerty, 1991).

Crichtonite-group minerals

Crichtonite-group minerals are complex oxides with the general
crystal-chemical formula XIIAVIBVIC18

IVT2Ф38, where major cations
are: XIIA = K, Ba, Sr, Ca, Na, LREE and Pb; VIB = Mn, Y, U, Fe,
Zr, Sc and LREE; VIC18 = Ti, Fe, Cr, V, Nb, Mn and Al;
IVT2 = Fe, Mg, Zn and Mn; Ф = O, (OH) and F (Roman numerals
indicate the coordination numbers). The compositions of the
crichtonite-group minerals studied are given in Supplementary
Table S4. TiO2 content ranges from 55.2 to 67.1 wt.%, Cr2O3

lies within 7.0–18.1 wt.%, MgO is between 3.26 and 4.40 wt.%.
The dominant cations in VIC and IVT sites are Ti and Mg, respect-
ively, and thus similar to other occurrences of crichtonite-series
minerals reported in mantle-derived xenoliths (Haggerty et al.,
1983; Haggerty, 1991; Rezvukhin et al., 2018). The B site is sug-
gested to be dominated by either Fe (7.10–11.0 wt.% FeO) or Zr
(1.54–5.41 wt.% ZrO2). The grains investigated are enriched in
Al (0.91–2.15 wt.% Al2O3), which occupies the VIC site together
with Ti, Cr and Fe.

The dominant cations in the A site are Ca (20 analysed grains,
0.40–0.56 atoms per formula unit, apfu), Ba (5 grains; 0.35–0.82 apfu)
and Sr (2 grains; 0.32 and 0.52 apfu). The occupancy of the A site
in the crichtonite-group minerals studied is shown in Fig. 6a. The
analysed grains form a trend from Ca- and Sr-rich compositions
to the Ba apex of the diagram (Fig. 6a). Of significant interest are
the intergrowths of crichtonite-group minerals with olivine and
magnesite in sample s21 (Fig. 3i). Here the crichtonite-group
minerals are relatively low in Ti (∼56–57 wt.% TiO2), contain
high Cr2O3 (∼16–17 wt.%), and are extremely rich in Ba (6.73–
6.92 wt.% BaO). The amount of BaO in these grains almost
reaches the highest reported concentration of BaO in a
crichtonite-group mineral; a lindsleyite grain in a metasomatised
harzburgite xenolith from the Boshof Road dumps, South Africa
(7.14 wt.% BaO; Konzett et al., 2013). A crichtonite-group min-
eral present in complex polymineralic inclusions (samples s291
and s317; Fig. 3k, l) is dominated by Sr in the A site and Fe in
the B site. This mineral is botuobinskite, a new mineral species

Fig. 5. Primitive mantle normalised (a) multi-element and (b) chondrite (C1) normalised REE distribution patterns of pyropes with oxide inclusions from the
Chompolo lamprophyres. Normalisation values are from McDonough and Sun (1995).
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of the crichtonite group introduced recently by Rezvukhin et al.
(2020).

In Fig. 6b the Al2O3–Na/(Na+K) plot is designed to illustrate
the compositional distinctions between the crichtonite-group
minerals as inclusions in pyropes and K-rich Al-poor lind-
sleyite–mathiasite series minerals from metasomatised peridotite
xenoliths (Rezvukhin et al., 2018 and references therein). The
grains investigated plot well within the field outlining the compo-
sitions of crichtonite-group minerals as inclusions in garnet. On
average, the examined grains contain higher abundances of Na
compared to lindsleyite–mathiasite series minerals (Fig. 6b).

The analytical totals of the crichtonite-group minerals vary
from 96.5 to 100 wt.%; we infer that the crichtonite-group miner-
als with lower analytical sums contain increased proportions of
Fe3+ and/or volatile component (mostly water). In particular,
low analytical totals (∼97–98 wt.%) were recorded for the
crichtonite-group minerals in complex polymineralic inclusions
where they are closely associated with water-bearing silicate
minerals (phlogopite and amphibole) (Fig. 3k, l).

Cr-spinel

The Cr-spinel inclusions contain (wt.%) 8.10–12.9 MgO, 14.6–
22.3 FeO, 2.43–6.54 Fe2O3, 45.0–58.8 Cr2O3, 7.25–19.7 Al2O3

and 0.19–0.31 MnO (Supplementary Table S5; Fe2O3 was calcu-
lated by stoichiometry after Droop, 1987). These are dominated
either by the chromite (FeCr2O4) or magnesiochromite
(MgCr2O4) components, with minor amounts of other end mem-
bers. Spinel inclusions in Group 2 pyropes are slightly more alu-
minous on average than spinel in pyropes of the Group 1, whereas
spinel in a specific xenocryst s165 has the most pronounced mag-
nesiochromite composition among all the grains investigated. The
spinel inclusions contain up to 1.4 wt.% TiO2; enrichment in Ti is

more characteristic to the spinel associated with Ti-oxides in
Group 1 pyropes.

Other associated minerals

Olivine, diopside and enstatite inclusions are Mg-rich with Mg#
varying from 90.3 to 93.6 (Supplementary Table S6). In diopside,
Na2O content ranges from 2.04 to 2.19 wt.%, Al2O3 is between
1.89 and 2.17 wt.%, and Cr2O3 is 1.8–2.0 wt.%, although in a
diopside intergrowth with enstatite (sample ALD-1-4) contents of
Na2O, Al2O3 and Cr2O3 are as high as 3.31, 3.20 and 2.85 wt.%,
respectively. Enstatite in the intergrowth with diopside (sample
ALD-1-4) and an enstatite grain in a polymineralic inclusion
(sample sx2) have roughly equal compositions with ∼35.5 wt.%
MgO and 4.59–4.84 wt.% FeO. TiO2 in pyroxenes is low, not
exceeding 0.16 wt.%. Phlogopite in polymineralic inclusions in
pyropes s291 and s317 (Fig. 3k, l) shows high concentration of
Ba (3.56–3.75 wt.% BaO). The calcic–alkaline amphibole in
sample s291 is pargasite (according to Locock, 2014); it contains
9.82 wt.% CaO; 4.46 wt.% Na2O and 1.05 wt.% K2O. More
detailed information on the occurrences and compositions of sili-
cate, carbonate, sulfide and graphite inclusions in few samples
from present study and in other Chompolo pyropes have been
reported elsewhere (Nikolenko et al., 2017, 2021; Sharygin
et al., 2017).

P–T estimates

Nickel concentrations in the pyrope crystals investigated are rela-
tively low and vary in a narrow range of 8.9–16.3 ppm. The
empirical Ni-in-garnet thermometer of Ryan et al. (1996)
(TNiR96) assumes equilibrium partitioning of Ni between pyrope
and coexisting olivine. We consider TNiR96 to be applicable to
the samples studied here, as pyropes display major-element

Fig. 6. (a) Ba–K–Ca+Sr+Na+LREE ternary diagram and (b) Al2O3–Na/(Na+K) binary plot showing compositions of inclusions of crichtonite-group minerals in
Chompolo pyropes. ‘LIMA’ stands for lindsleyite–mathiasite series minerals in metasomatised peridotite xenoliths, mostly from South African kimberlites.
Compositional fields for the ‘LIMA’ series and ‘Inclusions in pyrope’ are after (Rezvukhin et al., 2018 and references therein). The ‘Chompolo trend’ shows enrich-
ment of the crichtonite-group minerals from Chompolo pyropes in Ba – a feature that is not typical to crichtonite-group minerals as inclusions in pyropes from
other localities.
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compositions typical for garnets of peridotitic affinity (Fig. 4a),
and olivine has been recognised as an associated mineral in
nine xenocrysts. When applied to the garnet suite, TNiR96 yields
a temperature range of 640–750°C (±50°C).

The Cr/Ca-in-pyrope single-mineral barometer of Grütter
et al. (2006) (PCr/Ca) was applied to 12 samples with Cr-spinel
inclusions and yielded a pressure range of 25–33 kbar. This method
requires equilibrium with Cr-spinel and assumes heat flow of
38 mW/m2 (Grütter et al., 2006). For other samples (without
Cr-spinel inclusions) the minimum pressure values of 21–32 kbar
were determined using PCr/Ca.

The application of conventional thermobarometry methods
(detailed below) to garnet xenocrysts containing pyroxene inclu-
sions (for which we had EMP data of good quality) proved inef-
fective because of the following reasons: (1) clinopyroxene grains
do not pass the compositional filters established by Ziberna et al.
(2016); (2) P–T values for the garnet suite are perhaps too low for
reliable application of these methods; (3) it is possible that equili-
bration between the silicate minerals in question was not fully
achieved. The temperatures estimated using three of four clino-
pyroxene inclusions are lower that the temperature range used
for calibration of the enstatite-in-Cpx thermometer (850–1500°
C; Nimis and Taylor, 2000), whereas orthopyroxene compositions
yield highly inconsistent temperature values and unrealistically
high pressure values at ∼45–60 kbar using the Grt- and
Opx-based thermobarometry methods commonly applied to
mantle xenoliths (e.g. Nickel and Green, 1985; Brey and Köhler,
1990; Nimis and Grütter, 2010). Therefore, we consider that
TNiR96 and PCr/Ca provide the most reliable P–T estimates for
the pyropes investigated.

The P–T values calculated using TNiR96 and PCr/Ca place the sam-
ples just above the graphite–diamond transition line of Day (2012),
consistent with a cold cratonic geotherm of 36–38 mW/m2

(Fig. 4f). The xenocrysts appear to have been derived from low-
temperature (∼600–800°C) peridotite lithologies that resided in
the graphite stability field (<110 km; 25–35 kbar; Fig. 4f), which
is in agreement with the occurrence of graphite inclusions in
Chompolo pyropes (this study, Nikolenko et al., 2017). For previ-
ously studied inclusion-bearing Chompolo pyropes (featuring
inclusions of graphite, sulfides and Cr-spinel), temperature assess-
ments were calculated in the range of 640–910°C (Nikolenko et al.,
2017, 2020a, 2021). The occurrence of primary talc in the
Chompolo samples does not contradict the P–T parameters
obtained as talc is stable at the pressure range of 25–35 kbar up
to ∼800°C (e.g. Pawley and Wood, 1995).

Discussion

Origin of host pyropes

Pyropes of Group 1
Pyropes of Group 1 contain abundant Ti-rich oxide inclusions
(rutile, Mg-rich ilmenite and crichtonite-group minerals), asso-
ciated closely in intergrowths and composite polymineralic inclu-
sions with hydrous silicate minerals, carbonates, sulfides and
Cr-spinel. The compositions of the crichtonite-group minerals
are characterised by a wide spectrum of incompatible elements
(LILE, LREE, Zr), whereas REE distribution patterns of Group
1 pyropes exhibit enrichment in the MREE–HREE range. These
modal and composition data as well as the trace-element abun-
dances of the host pyropes allow us to conclude that Group 1
pyropes are metasomatic minerals that originated in the upper

mantle beneath the Chompolo field as a result of peridotite pro-
tolith enrichment during the percolation of metasomatising fluids
or melts. These metasomatic agents introduced a variety of
incompatible elements as well as volatiles (H2O, CO2 S, P and
Cl) necessary for the formation of hydrous silicate, carbonate
and sulfide minerals.

The evidence concerning the metasomatic genesis of at least a
proportion of Cr-pyropes in the lithospheric mantle of ancient
cratons continues to grow (e.g. Shimizu and Richardson, 1987;
Hoal et al., 1994; Griffin and Ryan, 1995; Stachel et al., 1998,
2004; Griffin et al., 1999a; Aulbach et al., 2004, 2013;
Klein-BenDavid and Pearson, 2009; Agashev et al., 2013;
Howarth et al., 2014; Rezvukhin et al., 2018). It must be empha-
sised that Ti-oxide inclusions enriched in incompatible elements
are characteristic only of Ca-rich pyropes of the lherzolitic para-
genesis (Kostrovitsky and Garanin, 1992; Varlamov et al., 1996;
Wang et al., 1999; Vrana, 2008; Rezvukhin et al., 2016b, 2018),
i.e. these inclusions are associated with lherzolite-style metasoma-
tism (refertilisation) that occurred after melt-depletion events.
The low-to-moderate concentrations of Zr in most Group 1
pyropes, plotting around the low-end of the ‘melt metasomatism’
trend proposed by Griffin and Ryan (1995) (Fig. 4b), at first
glance might be evidence against the metasomatic enrichment
process. However, it can be explained by the preferential distribu-
tion of Zr into associated Ti-oxide inclusions (rutile, ilmenite and
especially crichtonite-group minerals containing up to 5.4 wt.%
ZrO2) during crystallisation. Such preferential fractionation
moves garnet compositions from the field of ‘melt metasomatism’
to lower Zr concentrations (Fig. 4b). Previously, similar composi-
tions of metasomatic garnets with inclusions of crichtonite-group
minerals from the Internatsionalnaya kimberlite pipe were
reported by Rezvukhin et al. (2018). Based on these data, we sug-
gest that pyrope paragenesis in terms of associated titanate miner-
als should be taken into account when interpreting compositional
features of Cr-pyrope in the Zr–Y space.

Pyropes of Group 2
Compared to Group 1, garnets of Group 2 show drastically differ-
ent geochemical signatures. The latter exhibit much lower concen-
trations of Ti, V, Na, HREE and Y, and thus may be considered as
ultra-depleted with regard to trace-element composition. Group 2
pyropes do not contain specific inclusions into which those ele-
ments could have fractionated; thus, depleted signatures are
their distinctive primary feature. Interestingly, their Ca abun-
dances are high (5.7–7.4 wt.% CaO) and correspond to the upper-
most part of the lherzolite trend and to the lowermost part of the
wehrlite field (Sobolev et al., 1973; Grütter et al., 2004) (Fig. 4a).
These pyropes also exhibit elevated LREE in the La–Nd range.
Hence, Group 2 pyropes show geochemical signatures of both
strong depletion and enrichment. It appears that the metasomatic
agent has not obliterated the effects of prior melt extraction to the
same degree as in Group 1 lherzolitic garnets that have been thor-
oughly refertilised.

Literature data indicate that garnets similar to Group 2
represent a relatively abundant paragenetic type of pyrope in
the lithospheric mantle; they appear to be relatively widespread
in the Chompolo lithospheric mantle as well (Ashchepkov
et al., 2001). These pyropes comprise a particular compositional
trend with higher Ca contents at given Cr concentration in com-
parison with the common lherzolite trend. They are present in
worldwide kimberlites and lamprophyres of different ages
(Kopylova et al., 2000; Carbno and Canil, 2002; Aulbach et al.,
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2004); on the Siberian craton they appear to be predominant in
Mesozoic kimberlites (Tychkov et al., 2008).

The affinity of pyropes with similar composition to spinel–
garnet peridotite xenoliths (from Jericho kimberlite, Canada)
led Kopylova et al. (2000) to the conclusion that their compos-
ition is controlled by equilibration with high-Cr deep-seated spi-
nel (and clinopyroxene). This assumption is consistent with the
occurrence of large Cr-spinel inclusions in Group 2 pyropes
investigated here; however, it does not explain the extreme deple-
tion in Ti, Na and Y. Carbno and Canil (2002) ascribed the origin
of similar garnets to the percolation of metasomatic agents
through an ultra-depleted peridotite protolith, which was
also associated with heating. On the basis of the similarity
between Ca–Cr compositional trends for these pyropes and pyr-
oxenitic ones, and due to the increasing proportion of pyroxenitic
pyropes in the Mezozoic Siberian kimberlites, Tychkov et al.
(2008) further suggested that the origin of pyropes similar to
Group 2 may be related to intrusions of high-temperature pyrox-
enitic magmas.

As Ca and LREE behave as incompatible elements during
mantle processes, we assume that pyropes of Group 2 are clearly
not the depleted residues (in a strict sense) of high degree partial
melting. The high concentrations of Ca and LREE in Group 2
pyropes point to the involvement of these garnets in a meta-
somatic enrichment event. We speculate that Group 2 pyropes
originated in the subcontinental lithospheric mantle beneath the
Chompolo field due to percolation of a low-volume carbonated
fluid or melt with a high LREE/HREE ratio through extremely
depleted chromite-bearing peridotite protoliths. This metasomatic
agent had probably equilibrated with a large volume of garnet in
the deeper lithosphere (Aulbach et al., 2013), which is consistent
with high CaO, Ce/Yb and low TiO2–Y–HREE abundances in
Group 2 pyropes. High CaO concentrations that emplace some
Group 2 samples well into the wehrlite field (Fig. 4a) are possible
because the pyropes might have originally been derived from the
harzburgite field but were retained at the lherzolite–wehrlite
boundary en route to becoming ’genuine’ wehrlitic garnets. The
reason for this is probably the lack of Si in the agent necessary
for the refertilisation reactions to proceed.

Xenocryst s165
Garnet s165 is the only pyrope that exhibits harzburgitic major-
element composition. However, the REE distribution pattern of
s165 can be considered as normal concave-upward, although it
displays slightly elevated LREE and relatively depleted HREE in
the Dy–Tm range (Fig. 5), which is probably the ancestral feature
of its pre-existing sinuous shape. We argue that this sample is the
least refertilised (by a little-fractionated silicate melt) and there-
fore the most refractory sample and closest in major-element
composition to the original depleted residue (high Mg# and low
Ti, Na and Mn). Therefore, it is the only harzburgitic sample in
our collection which survived the extensive refertilisation and
fractionated melt metasomatism but which has nonetheless
been cryptically metasomatised.

The highest Zr concentration among the samples (93 ppm)
together with moderate Y (14 ppm) places s165 on the border
between ‘melt metasomatism’ and ‘phlogopite metasomatism’
compositional trends (Griffin and Ryan, 1995) (Fig. 4b). The
occurrence of talc and phlogopite inclusions reflects the involve-
ment of a water-rich metasomatic agent in the formation of this
sample. Chassé et al. (2018) have demonstrated recently that
volatile-rich fluid metasomatism positively affects Sc

concentrations in mantle garnet. Thus, the extremely high Sc
(470 ppm), of this sample probably reflects the effect of such
metasomatism. In contrast, the high content of Zr in s165 in
some respects contradicts with the fluid-related nature of meta-
somatism, as Zr is a conservative element which is more mobile
in melts than in volatile-rich fluids (Pearce and Peate, 1995).
We assume that s165 has undergone the effect of material
from two sources superimposed on an ultra-depleted protolith
and which perhaps was also recrystallised. The initial source
(fluid?) contributed to the elevated LREE, Sc and the formation
of inclusions of hydrous silicate minerals, whereas the second
(melt?) added M–HREE and Zr. Alternatively, this metasomatic
agent was a low-volume volatile-rich melt that had undergone lit-
tle fractionation. Contrary to Group 2 samples, the high Y-HREE
contents of s165 suggest that the metasomatic agent(s) had not
interacted extensively with the garnet-bearing matrix, perhaps
consistent with formation at the highest pressure for this sample
inferred from the CaO–Cr2O3 relationships (Fig. 4f).

Are garnets of different groups related to each other?
The Ti–Mg#, V/Sc–Mg# and MnO–Na (Fig. 4c–e) relationships
imply that garnets of Group 1 may represent evolved products
of metasomatism superimposed on garnets of Group 2 and a
garnet suite corresponding in composition to sample s165. The
hypothetical ‘trend 1’ may have been responsible for the trans-
formation of s165 type pyropes into Group 1 pyropes with the
addition of Ca, Fe, Ti, V, Na and Mn. Note that these elements
are the major constituents of the crichtonite-group minerals,
which are abundant as inclusions in garnets of Group
1. Similarly, ‘trend 2’ has been responsible for the transformation
of Group 2 pyropes into Group 1 pyropes with the addition of Ti,
V, Na and HREE. A good example of the ‘trend 2’ effect is sample
ALD-3-5 that exhibits intermediate composition between Group 1
and Group 2 (Fig. 2g; Fig. 4; Supplementary Table S1).

It is also interesting to note that s165 and Group 2 samples dis-
play low V/Sc ratios, whereas Group 1 xenocrysts comprise well-
defined trends towards higher V/Sc ratios (Fig. 4d). Vanadium is a
multivalent trace element that can be used as a redox sensor, and
becomes more incompatible in typical mantle minerals with
increasing oxygen fugacity (Mallmann and O’Neill, 2009;
Aulbach et al., 2017; Woodland et al., 2018). The V–Sc relation-
ships of the pyropes indicate that Group 1 xenocrysts crystallised
under relatively reducing conditions, whereas the low V/Sc ratios
of the more refractory s165 and Group 2 grains point to the
involvement of more oxidising metasomatic agents.

Origin of elongated oxide inclusions

A significant controversy surrounds the origin of Ti-oxide needles
in Сr-pyrope as the criteria to distinguish epigenetic inclusions
from syngenetic ones are not obvious. As a rule, elongated
oxide inclusions in Cr-pyrope are oriented along specific crystal-
lographic directions (Alifirova et al., 2012, 2020; Wang et al.,
1999; Vrana, 2008; Rezvukhin et al., 2018, 2019). Two mechan-
isms have been suggested for the origin of oriented inclusions
in garnet namely syngenetic (epitaxial co-precipitation) and epi-
genetic (solid-state isochemical exsolution). A number of consid-
erations allow us to argue against an exsolution origin for the
oxide inclusions investigated here, these are: (1) inclusion textures
differ from those of typical exsolution, as pyropes commonly con-
tain several dozen inclusions that may be distributed unevenly in
the pyrope host, and the grains (Figs 2, 3) are significantly larger
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than the fine lamellae typically observed as exsolution products;
(2) pyrope xenocrysts enclose abundant crichtonite-group miner-
als, which are enriched in a wide spectrum of incompatible ele-
ments and are considered to be typical metasomatic phases in
the lithospheric mantle (e.g. Haggerty, 1991; Kalfoun et al.,
2002; Konzett et al., 2013); (3) mantle garnets contain extremely
low levels of Ba (e.g. Aulbach et al., 2017), so the exsolution of
Ba-rich crichtonite-group minerals from the mantle garnet is
highly unlikely; (4) some Ti-rich oxides vary in composition
within individual pyrope grains (e.g. in sample ALD-1-9); differ-
ences in composition between lamellae are abnormal for exsolu-
tion (e.g. Dawson, 2004); (5) all the oxide minerals investigated
(rutile, ilmenite, crichtonite-group minerals and Cr-spinel)
occur in complex polymineralic inclusions (intergrowths),
which undoubtedly have primary origin and might represent
trapped and subsequently crystallised droplets of fluid or melt.
Such polymineralic aggregates comprising oxide, silicate, carbon-
ate and sulfide minerals have been reported in pyrope grains from
other localities (Wang et al., 1999; Vrana, 2008; Rezvukhin et al.,
2018). All of the above evidence indicates that inclusions of
Ti-rich oxides and silicate, carbonate and sulfide minerals were
formed syngenetically with the host garnet from the parental
fluid or melt phase(s).

Comparison with oxide inclusions in pyropes from other
localities and Ti-oxides in mantle metasomatic associations

Inclusions in pyropes from the Chompolo lamprophyres
represent a typical set of high-Ti and/or Cr-rich oxides, reported
previously in Cr-pyrope from kimberlite and lamprophyre bodies
of the Siberian craton (Botkunov et al., 1987; Kostrovitsky and
Garanin, 1992; Varlamov et al., 1996; Alifirova et al., 2012,
2020; Ziberna et al., 2013; Rezvukhin et al., 2016a, 2016b, 2018;
Nikolenko et al., 2017), ultramafic magmatic breccias of the
Colorado Plateau, USA (Wang et al., 1999), and European perido-
tite massifs (Săbău and Alberico, 2003; Vrana, 2008). These
minerals are also common as xenocrysts in kimberlites and
components of metasomatised peridotite xenoliths worldwide
(e.g. Haggerty, 1991).

However, we note several prominent compositional features in
the Chompolo inclusions of rutile and crichtonite-group miner-
als. Rutile is a typical storage site of HFSE (Nb, Ta, Zr and Hf)
both in eclogites (Rudnick et al., 2000; Aulbach et al., 2008) and
metasomatised peridotites (Haggerty, 1991; Ionov et al., 1999;
Grégoire et al., 2000; Kalfoun et al., 2002; Konzett et al., 2013).
Rutile inclusions in pyropes from the Garnet Ridge diatreme,
Colorado Plateau (Wang et al., 1999) and Internatsionalnaya kim-
berlite pipe, Siberian craton (Rezvukhin et al., 2016b) were reported
to be enriched in HFSE (Nb, Zr and Ta). Rezvukhin et al. (2016b)
emphasised that∼40% of the rutile inclusions contained >1 wt.%
Nb2O5, up to a maximum of 15.6 wt.%. Rutile in metasomatised
peridotite xenoliths sampled by kimberlites of the Kaapvaal craton
is also enriched in Nb2O5 (e.g. Jones et al., 1982; Schulze, 1990;
Konzett et al., 2013), and this enrichment is extremely pronounced
in rutile from metasomatised nodules from the Orapa kimberlite,
Botswana (up to 20.9 wt.% Nb2O5; Tollo and Haggerty, 1987).
High concentrations of Nb and Zr were established in rutile from
metasomatic veins and pockets in spinel peridotite xenoliths
sampled by alkali basalts in off-cratonic environments (e.g. Ionov
et al., 1999; Grégoire et al., 2000; Kalfoun et al., 2002). However,
Nb and Ta abundances are low in rutile and crichtonite-group
minerals analysed in this work (commonly <0.1 wt.% Nb2O5 and

Ta2O5). For the Ti-rich oxides investigated the indicative HFSE is
Zr rather than Nb or Ta.

The crichtonite-group minerals studied here from
Chompolo show a major trend from Ca–Sr-rich to Ba-rich com-
positions (Fig. 6a). The Ca- and Sr-rich varieties are similar in
composition to the crichtonite-group mineral inclusions in
pyropes from other localities, e.g. ultramafic diatreme of the
Garnet Ridge cluster, Colorado Plateau (Wang et al., 1999) and
Internatsionalnaya kimberlite pipe, Siberian craton (Rezvukhin
et al., 2018). In theChompolo pyropes,we have recognised the occur-
rence of botuobinskite, a recently discovered SrA-FeB-dominant spe-
cies of the crichtonite group (holotype sample from the
Internatsionalnaya pipe; Rezvukhin et al., 2020). Ba-rich species are
close in composition to the lindsleyite–mathiasite solid-solution ser-
ies (Ba- and K-dominant members of the group, respectively),
reported in metasomatised peridotite xenoliths in South African
and Chinese kimberlites (e.g. Jones et al., 1982; Haggerty et al.,
1983; Haggerty, 1991; Lu and Zhou, 1994; Konzett et al., 2013).
However, the lindsleyite–mathiasite series is lower in Al (<1 wt.%
Al2O3; Fig. 6b) and may contain significant Nb2O5 exceeding 1.5
wt.% (Lu and Zhou, 1994; Konzett et al., 2013).

The composition and origin of the metasomatic agent(s),
comparison with other localities

The present research offers an inclusion-based approach to con-
strain the nature and composition of the metasomatic phase(s)
responsible for the formation of the samples investigated.
This relies on the general composition of associated minerals,
especially the inclusions of the crichtonite-group species as well
as the modal composition of the polymineralic inclusions,
which might represent trapped and subsequently crystallised dro-
plets of the parental fluid/melt phase.

During recent decades, mantle-derived titanates have received
increased attention due to their petrological and geochemical sig-
nificance for various mantle processes (Haggerty et al., 1986;
Haggerty, 1991; Kalfoun et al., 2002; Bulanova et al., 2004).
Crichtonite-group minerals are capable of hosting a wide spec-
trum of silicate-incompatible elements (LILE, HFSE and REE)
and thus may serve as essential reservoirs for trace elements in
the upper mantle. Their origin from liquids enriched in incom-
patible elements provides important constraints on the compos-
ition of these at the time of crystallisation. Compositional
characteristics of the crichtonite-group minerals and other
Ti-rich oxides investigated (rutile and Mg-ilmenite) indicate
that the metasomatic phase(s) responsible for the crystallisation
of pyropes with such inclusions contained significant Ti, Zr, V,
LILE (Ba, Sr), Ca, K, Na and LREE (La, Ce).

The characteristic enrichment in Cr2O3 in crichtonite-group
minerals, rutile, Mg-rich ilmenite, spinel and host pyrope is
attributed to the Cr-rich nature of mantle peridotites.
Chromium and magnesium were inherited from peridotite proto-
liths, where theywere storedas relatively immobile elements in (mag-
nesio)chromite and perhaps pre-existing depleted garnet (Haggerty
et al., 1986; Rezvukhin et al., 2018), and were subsequently redistrib-
uted during ametasomatic overprint. Enrichment in Al2O3 is a char-
acteristic feature of crichtonite-groupminerals as inclusions in garnet
worldwide (Fig. 6b), and which might be explained by the equilibra-
tion with Al-rich garnet.

The abundance of water-bearing silicates, carbonates, sulfides,
graphite and apatite in Chompolo pyropes (more than 15 miner-
als; Nikolenko et al., 2017, 2021; Sharygin et al., 2017; Alifirova
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et al., 2020; this study) indicates that the fluid/melt also contained
significant volatile components (H2O, CO2, S, P and Cl). The
monomineralic and polymineralic inclusions investigated here
are similar to the associations found in pyropes from ultramafic
diatremes of the Navajo volcanic field, Colorado plateau
(McGetchin and Silver, 1970; Hunter and Smith, 1981; Smith,
1987, 2020; Wang et al., 1999). The eruption of several diatremes
(Garnet Ridge, Red Mesa, Moses Rock and others) within the
ColoradoPlateau at ca. 30–24Ma resulted fromhot upwelling during
subduction of the Farallon plate beneath northwestern America
(Dickinson, 1997; Usui et al., 2003; Smith, 2020). For the pyropes
from the Garnet Ridge diatreme, which enclose abundant Ti-rich
oxide, carbonate andwater-bearing inclusions, an origin in ametaso-
matised mantle wedge overlying a subducted slab was proposed
(Wang et al., 1999). By contrast, pyrope xenocrysts sampled by the
Internatsionalnaya kimberlite magma at the Siberian craton core
(Mirny kimberlite field) characterised by very thick diamondiferous
lithosphere, do not show such remarkable inclusion mineralogy
(Rezvukhin et al., 2018). For these samples, the most abundant
inclusions are oxides and sulfides, yet carbonates, apatite, graphite,
water-bearing minerals and composite intergrowths of these phases
occur far less commonly (Rezvukhin et al., 2018). The comparison
of samples suggests that the metasomatic agent from which the
Internatsionalnaya samples crystallised was relatively volatile-poor
whereas the inclusion-rich Chompolo andNavajo garnets originated
from volatile-enriched liquids.

Observations on mode and compositions of the inclusions as
well as the paragenetic links to other occurrences indicated
above, imply that the formation of the pyrope xenocrysts might
be related to large-scale subduction processes. Over its prolonged
history, the eastern Asia region has experienced a number of
major subduction events which were manifested by ubiquitous
intraplate magmatism, metasomatic events, earthquakes and con-
tinental lithosphere destruction (e.g. Zonenshain et al., 1990;
Maruyama et al., 1997; Van der Voo et al., 1999; Parfenov
et al., 2011; Li and van der Hilst, 2010; Zhu et al., 2012;
Safonova and Santosh, 2014; Liu et al., 2017). The subduction
of the Mongol–Okhotsk branch of the Palaeo-Pacific beneath
Siberia, which probably initiated in Middle–Late Palaeozoic (see
Donskaya et al., 2013 and references therein), is one of the pos-
sible scenarios which generated the reworking of mantle litho-
logies beneath the Central Aldan. In contrast, based on isotopic
data, Bogatikov et al. (1994), Davies et al. (2006) and Nikolenko
et al. (2020b) assumed the ancient (Precambrian) subduction zones
gave rise to the metasomatic enrichment of the source regions of
Aldan alkaline magmas, thus implying a major break between the
developmentof the source regionsand theMesozoic eruptionof alka-
line melts. It also should be noted that Velikoslavinsky et al. (2006,
2011) proposed the Palaeoproterozoic (ca. 2.0–1.9 Ga) geodynamic
systemof the active continentalmargin of theOlekma–Aldan contin-
ental microplate and the Fedorov island arc for the central Aldan.

Thus, it may have been one of the Palaeo-subduction systems
that triggered the intensive metasomatic effects on the litho-
spheric mantle associations beneath the Aldan shield by slab-
derived fluids or melts, which were responsible for the crystal-
lisation of inclusion-bearing pyropes. Similar conclusions regarding
the role of subduction in the metasomatic modification of perido-
tites from Tok (Aldan shield) were reached by Ionov et al. (2005).
In such a scenario the subducted oceanic slab was the major
source of volatile-enriched metasomatic agents, which subse-
quently modified the peridotitic lithologies of the overlying man-
tle wedge. The abundance of primary talc, phlogopite and

amphibole in Chompolo pyropes proves the hydrous nature of
the involved fluids or melts. The significance of talc for H2O
recycling in subduction zones has been postulated previously
by Pawley and Wood (1995). The spatial relationship of the
Central Aldan to the subduction zones might account for the
similarities between the Chompolo mantle assemblages and the
inclusion associations in the pyropes (and in other minerals)
from various occurrences located closely to the convergent plate
margins. Grains of metasomatic pyrope resided within the host
peridotites until they were sampled subsequently as xenoliths
and xenocrysts by the Chompolo magmas in the Mesozoic during
the lithosphere reactivation processes. These processes governed
the magma eruptions within the Aldan alkaline province and in
turn may have been caused by subduction. The Aldan alkaline
magmas are mostly of lamproitic affinity and feature the pro-
nounced enrichment in incompatible elements (K, Ti, Al, Rb,
Sr, Zr and Ba) typical of lamproites. It appears that at the time
of lamproite and lamprophyre magmatism, the Aldan lithospheric
mantle was a very metasomatised (refertilised) region of the
Siberian craton and a major source of incompatible elements
for the generation of mantle melts.

Implications for Earth’s volatile cycle and ore-forming
processes

The Aldan shield forms part of the global inventory of severely
disturbed cratonic lithosphere with reduced depths to the litho-
sphere–asthenosphere boundary relative to the intact Siberian cra-
ton interior (Aulbach, 2018 and references therein). The
emplacement of volatiles in such a disturbed lithosphere might-
form an important part of Earth’s volatile cycles (Gibson et al.,
2020). The Chompolo assemblages feature volatile-enriched
minerals that are not common in pyropes derived from the
inner parts of the Siberian craton (Rezvukhin et al., 2018). In par-
ticular, Chompolo pyropes encompass sulfide minerals, talc,
phlogopite, amphibole, apatite, graphite and carbonate. Further
extension would exhume these volatile-bearing assemblages to
shallower depths and might cause further formation of
volatile-rich magmas that consume the volatile-bearing minerals
and release sulfur currently bound in sulfide minerals, which
may be critical to ore formation processes.

According toHolwell et al. (2019), ore deposits probably represent
key depositional points along the mantle to upper-crust pathway
taken by the magmas and hydrothermal fluids, effectively resulting
from a magmatic–hydrothermal continuum. In this regard, the
incompatible element-enriched metasomatised mantle beneath the
Aldan shield appears to have exerted an important control on the ori-
gin of major ore deposits (U, Au, Mo, PGE and rare metals) formed
from the Early Precambrian to Late Mesozoic. It is of importance
that Late Mesozoic economically-valuable mineral systems on the
Aldan shield are characterised bya close spatial–temporal association
with alkaline mantle-derived magmas (Khomich et al., 2015). The
lithospheric mantle metasomatism that generated a pronounced
diversity of minerals rich in incompatible elements and volatiles in
the mantle sections such as those beneath Chompolo is probably an
intermediate link between slab dehydration and formation of pro-
ductive ore systems within the crust.

Summary

The present study contributes to the investigation of poorly-
described mantle parageneses beneath the Chompolo area,
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Aldan shield, southeastern Siberian craton. The research deals
with inclusion assemblages in mantle Cr-rich pyropes with
emphasis on Ti- and Cr-rich oxide phases. The primary mineral
inclusion suite includes rutile, Mg-ilmenite, crichtonite-group
minerals and Cr-spinel, which are associated within host pyropes
with silicates, carbonates, sulfides, graphite and apatite. The
major- and trace-element compositions of host garnets and inclu-
sions link pyrope origin to metasomatic processes in the litho-
spheric mantle beneath the Chompolo field. Inclusions of
Ti-rich oxides in association with hydrous minerals, carbonates
and sulfides imply that the formation of Cr-pyropes encapsulating
such inclusions occurred in the Chompolo lithospheric mantle
with the participation of metasomatising melts or fluids enriched
in volatiles (H2O, CO2, S, P and Cl) and incompatible elements
(Ti, Zr, V, Ba, Sr, K, Na, Ca and REE). Inter-element relationships
suggest the effects of two distinct metasomatic sources. The first
was responsible for the addition of Ca, Fe, Ti, V, Na and Mn
and the second introduced Ti, V, Na and HREE. The metasomatic
agents were volatile-rich melts or supercritical C–O–H–S fluids
with possible genetic affinities to a subduction environment.
High concentrations of Cr2O3 in pyropes and inclusions are
attributed to the Cr-rich nature of peridotite protoliths. Due to
the established diversity of minerals enriched in incompatible ele-
ments and volatiles, these conclusions have implications for the
models of ore formation and global volatile cycles.
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