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Abstract—Sulfide-bearing polymineralic inclusions in mantle-derived chromium pyrope garnets of lherzolite
paragenesis from lamprophyres of the Chompolo field (Aldan shield, southern Siberian craton) have been
studied. The inclusions are composed of either only sulfides or sulfides in association with other minerals
(carbonates, silicates, oxides, etc.). The sulfide part of the inclusions is represented by up to four minerals.
Among the sulfides, minerals rich in Cu and Ni have been found, whereas Fe sulfides (pyrrhotite, troilite) are
absent. This distinguishes the inclusions studied from the majority of sulfide inclusions in mantle minerals
and diamonds, as well as in mantle xenoliths from kimberlites. The formation of polymineralic inclusions in
chromium garnets of the Chompolo field is attributed to the effect of a carbonate–silicate metasomatic
melt/fluid on mantle peridotites, as evidenced by the mineral suite associated with the sulfides. The research
results indicate significant differences in the nature of metasomatic processes that occurred in the litho-
spheric mantle of the southern and central parts of the Siberian craton.
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Sulfide inclusions in minerals of mantle origin are
widely used as a source of information on deep pro-
cesses in the Earth’s mantle. Traditionally, the objects
of study are mantle xenoliths and xenocrystals from
kimberlites. Mantle minerals from other abyssal rocks
such as lamproites and lamprophyres have received
much less attention.

This communication presents the results of a study
of a collection of xenocrystals of mantle Cr-bearing
pyrope garnet from the Aldanskaya dike and the
Ogonek pipe of the Chompolo lamprophyre field
located in the southern part of the Siberian craton
(Aldan shield) [1, 2]. Sulfides were found in only 16
out of more than 600 garnet grains studied, which were
2–4 mm in size, containing mineral inclusions (Table 1).
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Most of the inclusions in the garnets are titanium and
chromium oxide minerals (rutile, picroilmenite, Cr-spi-
nel, and crichtonite group minerals). In most cases,
inclusions consist of only 1–3 phases, although more
complex polymineral segregations are also noted.

The chemical composition of garnets and clinopy-
roxenes was determined by means of a Jeol JXA-8100
microprobe according to the standard procedure. Ele-
mental mapping of sulfides and analysis of the chemi-
cal composition of the inclusions were performed on a
SEM (Tescan MIRA 3 LMU equipped with an INCA
Energy 450 EDS system). Confocal Raman spectros-
copy (RS) was also used to identify mineral inclusions.
Analytical studies were carried out at the Analytical
Center for multi-elemental and isotope research at the
Sobolev Institute of Geology and Mineralogy, Sibe-
rian Branch, Russian Academy of Sciences. Determi-
nation of rare and trace elements in garnets was carried
out by means of the LA–ICP–MS method (Agilent
7900cs equipped with a NewWave 193 nm laser sam-
pler) at the National Key Center GEMOC/CCFS at
Macquarie University (Sydney, Australia). In this
work, we used data on the content of Ni; the full
results of LA–ICP–MS studies will be published else-
where.
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Table 1. Mineral composition of the inclusions in pyropes of the Chompolo field lamprophyres (A, Aldanskaya dike;
O, Ogonek pipe)

Ap, apatite; BnSS, bornite solid solution; Ccp, chalcopyrite; Cr-Spl, Cr-spinel; Chl, chlorite; CGM, crichtonite group mineral;
Dol, dolomite; Di, diopside; En, enstatite; Hzl, heazlewoodite; Ilm, ilmenite; Fo, forsterite; Mgs, magnesite; Mkt, magnesiokata-
phorite; Mss, monosulfide solid solution (МSS); Pn, pentlandite; Phl, phlogopite; Rt, rutile; Ts, tschermakite; Tlc, talc.

Sample Group Object Mineral association

s163 1 А Pn, BnSS, Ccp,
s1 1 А Pn, Ccp, Mss, CuFe2S4

s38 1 А Pn, Ccp, CuFe2S4

s296 1 О Ccp, (Fe,Ni,Cu)1 ± xS, Mss
1n11 2 А Ccp, Mgs, Phl, Gr, Fo, Di, Ts, Rt, Ilm, Ap, CGM
s2 2 А Pn, BnSS, Hzl, (Fe,Ni,Cu)1 ± xS, Mss, Cr-Spl, Di, Tlc
sx2 2 А Ccp, BnSS, (Fe,Ni,Cu)1 ± xS, Mss, Ts, Rt, Cr-Spl, En
n6 2 А Ccp, Di
n7 2 А Ccp, Fo, Rt
s9 2 А Pn, Ccp, (Fe,Ni,Cu)1 ± xS, CuFe2S4, Phl, Rt
s113 2 А Ccp, (Fe,Ni,Cu)1 ± xS, Dol, Phl
s115 2 А Ccp, Mss, Cr-Spl, Di, Chl
s207 2 А Ccp, Fo, Di, Rt
s213 2 А Ccp, (Fe,Ni,Cu)1 ± xS, Dol, Cr-Spl
s291 2 О Pn, Ccp, Mss, Mgs, Cr-Spl, Phl, Fo, Mkt, CGM
s317 2 О BnSS, Mgs, Cr-Spl, Phl, Rt, CGM
According to the ratio of CaO and Cr2O3, the pyro-
pes studied belong to the lherzolite paragenesis [3, 4]
(Fig. 1a). Variations Mg# [100 × Mg/(Mg + Fe)] and
Ca# [100 × Ca/(Ca + Mg + Fe + Mn)] are within
74.6–81.0 and 10.9–15.3, respectively. The TiO2 con-
centration does not exceed 0.24 wt %.

The estimated values of temperature and pressure
for pyropes s115, s2, s207, and 1n11 containing chrome
diopside inclusions (Table 1), performed by means of
a mineral clinopyroxene thermobarometer [5], are
690–790°C and 2.9–3.5 GPa. These data are consis-
tent with earlier estimates [2] (Fig. 1b). The tempera-
ture range obtained by means of a thermometer [6] for
pyropes with sulfide inclusions (Table 1) is 670–
760°C. For a more representative sample of pyropes
from the Aldanskaya dike and the Ogonek pipe of the
Chompolo field, the temperature values have a wider
range of 640–910°C (Fig. 1b).

No cracks connecting inclusions with the grain sur-
face were observed in the pyropes studied. Therefore,
the mantle genesis of the mineral phases studied is
assumed. The mantle genesis is also evidenced by the
high contents of Cr2O3 (up to 1 wt %) in phlogopite
and oxide minerals (e.g., up to 7.2 wt % C2O3 in rutile)
from inclusions [8], as well as estimates of the tem-
peratures and pressures for inclusions of chrome diop-
side.
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The mineral set of inclusions can be divided into
two groups: the first group includes inclusions repre-
sented only by sulfides (Table 1, Fig. 2a); the second
group has a more complex phase composition and
comprises silicates, carbonates, oxides, apatite, and
graphite (Table 1, Fig. 2b). At the same time, the sul-
fide part of the second group inclusions is always iso-
lated from other minerals; no traces of reaction rela-
tionships were established (Fig. 2b; also see Fig. 2 in
[9]). Sulfide inclusions have a round, irregular, or fac-
eted shape and size in the range of 5–200 μm. They are
usually surrounded by radial cracks. The formation of
such cracks is conventionally associated with a differ-
ent degree of expansion of garnet and the mineral
inclusion as a result of decompression during the
ascent of the transporting magma [2], which also tes-
tifies in favor of the mantle origin of the inclusions.

Sulfide inclusions, as a rule, are heterogeneous and
consist of several minerals, among which pentlandite,
chalcopyrite, bornite solid solution, mineral with the
assumed formula CuFe2S4, monosulfide solid solution
(MSS), heazlewoodite, and the (Fe,Ni,Cu)1 ± xS com-
pound are recognized (Table 1; Fig. 2). Pentlandite
(FeNi)9S8 is the most abundant phase and usually fills
the bulk of the inclusion. Chalcopyrite (CuFeS2) is
located in the outer part of inclusions or forms rims
around it. A bornite solid solution (Cu5 ± xFe1 ± xS4 ± y)
and heazlewoodite (Ni3S2) were observed together
with pentlandite and MSS (Table 1).
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Fig. 1. (а) Variations of CaO and Cr2O3 in peridotite pyropes with sulfide inclusions (1), imposed on the compositions of garnets
from the heavy fraction of the Chompolo field lamprophyres, n = 1343 (2). Mantle parageneses according to [3]: HD, harzbur-
gite-dunite; L, lherzolite; W, wehrlite. The field bounded by the dotted line is the lherzolite paragenesis according to [4]. (b) Esti-
mates of PT-parameters for pyropes with sulfide inclusions from the Chompolo field lamprophyres (figure modified from [2]).
Black diamonds are estimates according to chromium diopside inclusions. The segments show the temperature estimation inter-
vals for pyropes with sulfide inclusions (T(NI)SU) and for a more representative sample of pyropes from the Aldanskaya dike and
Ogonek pipe (T(NI)), determined using a Ni-in-Gar monomineral thermometer [6]. Dashed lines show model geotherms for dif-
ferent surface heat f lux [7]. The gray field shows the PT-estimates from [2]. 
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Fe–Cu–bearing sulfide with the calculated for-
mula (Cu,Ni)1.10–0.93(Fe,Co)1.90–2.07S4 was found in
samples s1, s9, and s38 in association with pentlandite
and chalcopyrite. The predominance of Fe (33.1–
34.9 wt %) over Cu (12.0–16.0 wt %) was established.
This phase contains Ni (2.4–8.3 wt %) and Co (1.4–
2.2 wt %) impurities. The Me/S ratio varies in the
range 0.69–0.75, and the S content is 42.0–44.2 wt %.
A similar sulfide with the formula CuFe2S4 was
described in the ores of the Lovozero deposit on the
Kola Peninsula [10].

MSS is characterized by the ratio Ni/(Ni + Fe) =
0.40–0.60 with Ni contents in the range of 21–36 wt %
and the Me/S ratio in the range 0.80–0.93.

Compound (Fe, Ni, Cu)1 ± xS is characterized by a
high Ni (50.0–61.9 wt %), moderate Fe (2.0–11.7 wt %),
and  low  Cu (up  to 3.4 wt %) content,  high  ratio
Ni/(Ni + Fe) = 0.80–0.97, and Me/S ratio of 0.96–1.06.

The bulk compositions of the sulfide component of
inclusions (s1, s2, s9, s291, s38) vary in the Ni and
Fe content in the range of 26.2–37.7 wt % and 23.5–
32.1 wt %, respectively, and a Cu content up to 7.4 wt %
in the relatively Ni-rich varieties (Fig. 3).

A mineral association with similar high contents of
Cu and Ni in sulfides was described in spinel harzbur-
gite and dunite xenoliths in alkaline rocks of the Ker-
guelen archipelago [12]. These xenoliths show traces
DO
of the metasomatic effect of an alkaline carbonate-
bearing melt, manifested in the form of veinlets and
interstitial precipitates of carbonates (calcite, dolo-
mite, magnesite), amphibole, phlogopite, chromite,
ilmenite, rutile, apatite, etc. The authors of [12] sug-
gested that such a melt can efficiently transfer Cu, Ni,
and S in dissolved form and decompose into immisci-
ble sulfide and carbonate melts that can migrate
through the peridotite matrix independently of each
other. Experiments at high pressures have shown that
carbonate-containing melts (carbonate or silicate–
carbonate) are effective transporters of sulfur, the sol-
ubility of which in such melts increases in oxidized
conditions and depends on the temperature and com-
position [13, 14]. Thus, an alternative variant of sulfide
formation can be their crystallization from a metaso-
matizing carbonate-containing melt because of a
decrease in temperature or a shift of redox conditions
to more reduced ones, as evidenced by the presence of
graphite inclusions in the pyrope xenocrystals studied
(Table 1) [2].

We assume that the formation of sulfide-bearing
polymineral inclusions in the pyropes studied is asso-
ciated with the impact of the carbonate-bearing
metasomatic melt/fluid on the lithospheric mantle
peridotites. This is evidenced by the minerals accom-
panying sulfides, which are rich in volatile and incom-
patible elements (Table 1), and confirmed by earlier
KLADY EARTH SCIENCES  Vol. 497  Part 2  2021



SULFIDE-BEARING POLYMINERALIC INCLUSIONS IN MANTLE-DERIVED GARNETS 303

Fig. 2. Mineral phase relationships (BSE image) and maps of element distribution (Fe, Ni, Cu, S) in the polymineral inclusions
of pyropes s1 and sx2 from the Aldanskaya dike. Symbols are explained in Table 1.
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studies of the polymineral inclusions in chromium

pyropes from kimberlites and lamprophyres of the

Siberian craton [2, 9, 15]. Unfortunately, the lack of

experimental data at high pressures on phase relations

in the Cu-rich region of the Fe–Ni–Cu–S system

corresponding to the bulk composition of the sulfide
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inclusions studied does not allow us to establish reli-
ably whether the initial sulfide material of the inclu-
sions was a melt.

High Cu concentrations and the absence of Fe-rich
minerals (pyrrhotite and troilite) distinguish the man-
tle sulfide associations of the Chompolo field from
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most inclusions in mantle minerals and diamonds, as
well as sulfides of mantle xenoliths in kimberlites of
the Siberian craton [11] (Fig. 3). This indicates signif-
icant differences in the nature of the metasomatic pro-
cesses that took place in the lithospheric mantle of the
southern and central parts of the Siberian Craton.
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