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Kimberlite and lamproite/lamprophyre magmas sample a wide variety of xenoliths and
xenocrysts from the subcontinental lithospheric mantle (SCLM). Cr-rich pyrope, along with chromite
and picroilmenite, is common kimberlite indicator mineral. Xenocrysts of Cr-pyrope from kimberlites
and other deep-seated magmatic rocks have been widely used by geochemists in recent decades in order
to obtain information about composition and structure of the SCLM. Oxide inclusions within pyropes
are of particular interest. Mineralogical studies have shown that pyrope may contain uncommon Ti-rich
oxides, such as rutile, picroilmenite, armalcolite, srilankite, carmichaelite, crichtonite group minerals,
and other varieties (Varlamov et al., 1996; Wang et al., 1999; Vrana, 2008; Alifirova et al., 2012;
Ziberna et al., 2013; Rezvukhin et al., 2016a, 2016b; Malkovets et al., 2016). These inclusions are
commonly enriched in rare and incompatible elements and represent composition, which is not typical
to depleted peridotites of the lithospheric mantle. Metasomatic origin of Cr-pyrope in the SCLM of
ancient cratons is widely discussed in literature on the basis of both mineralogical and geochemical
criteria (Hoal et al., 1994; Griffin et al., 1999; Stachel et al., 2004; Malkovets et al., 2007, 2012;
Agashev et al., 2013; O'Reilly, Griffin, 2013). Further detailed studies will shed light on the features of
pyrope genesis in deep areas of the earth’s upper mantle. Here we report the result of investigation of
twenty six chrome-rich pyropes with oxide mineral inclusions derived from the eluvium of the
Aldanskaya lamprophyre dyke, Aldan province of alkaline magmatism, southeast of the Siberian
craton.

Size of studied pyrope grains ranges from 2 to 4 mm. Crystals were implanted in epoxy mounts
and polished to bring individual inclusions to the surface. All studied inclusions are primary and are not
associated with cracks. Pyrope garnets are predominantly of lherzolitic paragenesis with Cr,O3; content
from 2.1 to 6.5 wt%. Four Ti- and/or Cr-rich phases have been investigated as inclusions in pyropes:
rutile, picroilmenite, chromite and crichtonite group minerals. Inclusions of Ti-oxides are commonly
needle- or blade-like, with round or polygonal cross-sections. Laths and tablets are less abundant.
Chromite is presented as isometric inclusions, either octahedral or round. Both elongated blades and
isometric inclusions are commonly black and opaque, although thin needles of rutile are more
brownish. Sometimes needle-like inclusions are strictly oriented in the host pyrope along the certain
crystallographic directions. Diameter of studied needle-like inclusions ranges from 5 to 50 um and size
of isometric chromite inclusions is up to 300 um. In studied samples oxide inclusions are in association
with silicates (namely olivine, ortho- and clinopyroxene). Oxides may form intergrowths and composite
inclusions with each other or with silicates; rutile commonly forms intergrowths with Mg-ilmenite.

Chemical composition of studied inclusions in terms of main constituent components is shown
on Fig. 1 (a, b). Composition of inclusions is uniform in a single pyrope host, but varies among
different pyrope crystals; however, the scatter is not broad and compositional fields for each mineral are
clearly constrained. Similar to host pyrope, inclusions are commonly Cr-rich. There is a positive
correlation between Cr content in Ti-oxide inclusions and host garnet. Similar correlations have been
recorded previously between Ti-oxide inclusions and host garnets from the Internatsionalnaya pipe
(Rezvukhin et al., 2016a, 2016b), as well as in the same mineral association from the ultrabasic
diatreme of the Garnet Ridge cluster, Arizona, USA (Wang et al., 1999). Chromite inclusions contain
45.4-58.7 wt% Cr,0s. It is interesting to note the significant decrease of Cr,0O5 content up to 1.5 wt% in
host pyrope in thin domains just around the large chromite inclusions. Cr is also the most abundant
substituting component in members of the high-Ti association (rutile, picroilmenite, crichtonite group
minerals). Cr,0; content in rutile ranges from 2.3 to 7.4 wt%, in picroilmenite from 0.7 to 3.6 wt%.

In chromite inclusions MgO varies from 8.2 to 10.4 wt%, FeO from 22.4 to 26.6 wt%, Al,Os
from 8.2 to 20.2 wt%. Chromite also contains up to 1.5 wt% TiO,. In rutile inclusions TiO, content
ranges from 89.0 to 98.0 wt%. Except elevated amounts of Cr, rutile contains 0.8-3.3 wt% FeO and up
to 0.6 wt% ZrO,. Mg-ilmenite contains 51.3-57.4 wt% TiO,, 8.3-13.6 wt% MgO, 25.7-35.5 wt% FeO.

Crichtonite group minerals are rare oxides (titanates) with general formula ABCgT,0s3.
Crichtonite group minerals are of particular interest due to enrichment in wide variety of incompatible



elements, which occupy all four structural positions. Main constituent elements, which fill mostly C
and T sites, are in typical range for crichtonite group minerals stable in the lithospheric mantle. TiO, is
54.2-67.4 wt%, Cr,0; is 6.9-19.8 wt%, FeO is 7.7-11.6 wt%, and MgO is 1.6-4.1 wt%. Within the
group the minerals are distinguished on the basis of dominant cations in A, B, C and T sites. The most
important is A site, where large cation of incompatible element is stored. In studied grains 7 cations
(Ba, Sr, Na, K, Ca, La, Ce) in A site are presented in different proportions. The dominant cations (at%)
are Ca and Ba. B site is occupied by Zr (1.5-5.9 wt% ZrO,) and Fe. Thus studied crichtonite group
minerals are similar to either loveringite (Ca-dominant member of the group) or LIMA series
(lindsleyite-mathiasite, Ba and K members of the group, respectively), widely reported from the
kimberlites of South Africa (Haggerty et al., 1983; Haggerty, 1991; Konzett et al., 2013). On Fig. 2 the
occupancy of A site in different crichtonite group minerals is shown. LIMA series is Ba or K rich,
while hitherto reported inclusions in pyropes contain more Ca, Na, LREE or Sr, and the little overlap
between fields is presented. Crichtonite group minerals in pyropes from the Aldanskaya dyke somewhat
differ in terms of A site occupancy from grains investigated in pyropes from other localities.
Compositional points fall in both fields and comprise intermediate trend between LIMA series and
Ca/Na/LREE/Sr-rich minerals in pyropes from other localities. However, lindsleyite and mathiasite in
kimberlites from the Kaapvaal craton are commonly Al-poor (<1 wt% of Al,O3), while inclusions in
pyropes are Al-rich (>1 wt% Al,Os), including studied grains in pyropes from the Aldanskaya dyke,
which contain 1-2 wt% Al,Os.

The genesis of studied inclusions is debatable. Oxide needles in garnet may result from
exsolution processes, or they could be syngenetic or even protogenetic in relation to the host pyrope. It
is assumed that Ti-oxides tend to form oriented elongated inclusions in pyrope matrix even if their
formation is related to fluid/melt phase. The diameter of studied grains is relatively big; we suggest that
formation of large oxide inclusions (especially inclusions of crichtonite group minerals) via exsolution
is highly unlikely and they are probably syngenetic with the host pyrope. Nevertheless, Ti-rich mineral
association enriched in incompatible elements (Fe, Ti, Ba, Zr and others) in pyropes indicates that these
pyropes in the lithospheric mantle underneath the Aldanskaya dyke have metasomatic origin.
Incompatible elements were introduced by metasomatic fluid/melt phase, while high chromium content
in both pyropes and inclusions was inherited from Cr-rich peridotite protolith, where Cr is concentrated
mainly in chromite and subcalcic harzburgitic or dunitic garnet.

Described above mineral association represent conventional set of high-Ti and/or Cr oxides,
which is typical for Cr-pyropes from several localities described in literature (Varlamov et al., 1996;
Wang et al., 1999; Vrana, 2008; Rezvukhin et al., 2016a, 2016b). However, variations in composition
of oxide inclusions in studied pyropes and in other pyropes reported elsewhere indicate on a different
composition of metasomatic agent. If compositional features of inclusions reflect the peculiarities of
metasomatic phase, then by studying both pyropes and inclusions it is possible to reconstruct
geochemical features of parental fluids/melts. Rutile and crichtonite group minerals are important
storage sites of incompatible elements in the SCLM. Rutile in metasomatised mantle associations, and
as inclusions in pyropes, is often enriched in HFSE, particularly in Nb,Os (Jones et al., 1982; Tollo,
Haggerty, 1987; Schulze, 1990; Wang et al., 1999; Konzett et al., 2013; Rezvukhin et al., 2016b).
However, neither rutile nor crichtonite group minerals in pyropes from the Aldanskaya dyke contain
significant Nb or Ta. Crichtonite group minerals in pyropes from the Aldanskaya dyke represent more
Ba- and K-rich compositions in comparison with inclusions of these minerals in other pyropes, and
several grains almost coincide with LIMA by composition. However, LIMA series from South Africa is
lower in Al, and may contain up to 1.5 wt% Nb,Os (Konzett et al., 2013). What is especially notable is
that minerals of LIMA series commonly occur in garnet-free phlogopite—K-richterite peridotites
(Erlank et al., 1987).

We note finally that pyropes from the Aldanskaya dyke and other lamprophyres of the Chompolo
field contain complex association of inclusions: oxides, silicates, sulfides, and composite assemblages
consisting of above-mentioned minerals + carbonates and hydrous phases. Thereby metasomatism in
the SCLM underneath the Aldan shield is manifold in its occurrences and may be multistage. Further
geochemical investigations are required to clarify its exact nature.

This work was supported by the Russian Foundation for Basic Research (project Nos. 15-05-
04885 and 16-05-01052).
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Fig. 1. Composition of oxide mineral inclusions in Cr-pyropes from the Aldanskaya dyke on TiO,-Cr,05 (a) and
Ti0,-FeOyi+MgO (b) plots. 1 — rutile; 2 — chromite; 3 — crichtonite group minerals; 4 — picroilmenite.
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Fig. 2. Composition of inclusions of crichtonite
group minerals in Cr-pyropes from the
Aldanskaya dyke on the ternary diagram Ba — K
— Ca+LREE+Sr+Na (A-site occupancy, at%).
Outlined fields: (A) — inclusions in Cr-pyropes
from other localities (Wang et al., 1999; Vrana,
2008; Rezvukhin et al., 2016a); (LIMA) —
minerals of lindsleyite-mathiasite series from
South African kimberlites (Haggerty et al.,
1983; Haggerty, 1991; Konzett et al., 2013).

Tablel. EMP analyses of crichtonite group minerals in pyropes from the Aldanskaya dyke

Grain | ALD-1 ALD-2 ALD-3 ALD-4 ALD-5 ALD-6 ALD-7 ALD-8 ALD-9 ALD-10 ALD-11
SiO, 0.08 0.06 0.10 0.14 0.23 0.10 0.13 0.13 0.16 0.07 0.02
TiO, 58.80 58.98 59.32 65.19 64.34 67.40 59.90 61.30 65.21 57.90 64.10
Al,O4 157 1.42 1.58 1.28 143 1.09 1.28 1.47 1.39 1.48 1.02
MgO 2.96 311 3.31 3.68 3.59 3.92 3.20 3.46 4.07 3.25 3.80
Cr,04 17.12 13.99 17.63 8.49 14.87 11.47 14.30 15.13 9.62 15.53 11.87
FeO" 9.32 10.48 8.07 10.99 8.56 9.36 9.47 9.18 11.00 8.32 9.95
BaO 0.88 3.06 1.18 0.32 0.19 0.32 0.64 1.08 0.78 5.07 1.00
SrO 0.50 0.32 0.23 0.51 0.34 0.39 0.60 0.56 0.58 0.25 0.57
Na,O 0.20 0.09 0.21 0.31 0.55 0.61 0.18 0.22 0.26 0.04 0.55
K,0 0.64 0.57 0.65 0.69 0.50 0.54 0.87 0.65 0.63 0.30 0.46
CaO 151 0.85 1.47 151 1.66 1.59 1.37 1.56 1.67 0.69 1.39
La,O4 0.01 0.04 0.05 0.11 n.d. 0.08 0.01 n.d. 0.04 n.d. n.d.
Ce,03 0.67 1.34 0.65 0.67 0.33 0.40 0.51 0.66 0.68 1.91 0.50
Zr0, 4.02 4.65 3.89 4.52 2.27 1.76 5.21 3.37 1.64 493 3.00
NiO 0.04 0.03 0.04 0.06 0.02 0.07 0.05 0.06 0.07 0.04 0.07
V,0, 0.65 0.91 0.55 0.88 0.60 0.53 0.81 0.70 0.60 0.76 0.47
MnO 0.12 0.10 0.11 0.17 0.16 0.17 0.13 0.14 0.17 0.09 0.13
Nb,Os n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
HfO, 0.06 0.19 0.23 0.18 0.06 n.d. 0.13 0.12 0.07 0.14 0.12
Total 99.14  100.18 99.26 99.69 99.71 99.80 98.78 99.80 98.64 100.78 99.00

n.d. — not determined, *total Fe as FeO.
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