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Letter

Extreme closed system fractionation of
volatile-rich, ultrabasic peralkaline melt inclusions and the
occurrence of djerfisherite in the Kugda alkaline complex, Siberia

C. M. B. Henperson', L. N. KoGarko? AND D. A. PLANT

! Department of Earth Sciences, University of Manchester, M13 9PL, UK,
2 Vernadsky Institute of Geochemistry, Academy of Sciences, Moscow 117975, Russia

ABSTRACT

Djerfisherite [K¢(Cu,Fe,Ni),5S,6Cl1] has been found as a daughter mineral in melt inclusions in melilite
from a Kugda melilitolite. The inclusion mineral assemblage includes pyrrhotite, pentlandite, forsterite,
diopside, monticellite, phlogopite, wollastonite, nepheline, sodalite, combeite, calcite, Na-K-Ca
carbonate, and hydrated calcium silicates. The djerfisherite is Ni-rich rather than Cu-rich consistent
with an ultimate upper mantle magma source. The djerfisherite-bearing assemblage formed from
primary carbonate/alkali-rich, melilititic melt inclusions which underwent extreme, closed-system,
magmatic to postmagmatic fractionation over a temperature range of >1000° to <500°C.

Keyworos: fractionation, peralkaline inclusions, djerfisherite, Kugda, Siberia.

Introduction It is clear from Table 1 that most djerfisherites are

SuLpPHIDES of the alkali metals are extremely rare
mineral phases. Djerfisherite, a K-Fe-rich
sulphide, was first described from meteorites by
Ramdohr (1963) and investigated by El Goresy et
al. (1971). 1t has subsequently been described
from a variety of terrestrial magmatic occurrences
ranging from ultramafic to peralkaline (Table 1),
from Cu-sulphide ore deposits (Genkin et al.,
1970), and from contact metasomatized carbonate
rocks (Jamtveit et al., 1997). Peralkaline igneous
rocks also contain other K-Fe sulphide phases
[e.g. rasvumite (KFe,S;) and murunskite
(K;CuszFeS,)], while others include erdite
[NaFeS,.2H,0] (Table 1). Natrocarbonatites
from Oldoinyo Lengai, Tanzania, contain an
Mn- and F-bearing rasvumite (Jago and Gittins,
1999) as well as K-Fe sulphides which are
stoichiometrically different from named K-Fe-S
minerals (Dawson et al., 1992; Mitchell, 1997).
Table 1 contains information on djerfisherite
parageneses, together with their Ni and Cu
affinities and petrogenetic information; represen-
tative analyses for magmatic occurrences
described in the literature are given in Table 2.
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closely associated with other sulphides, particularly
pyrrhotite, pentlandite or chalcopyrite. Mantle-
derived (mainly kimberlitic) magmatic occurrences
tend to have djerfisherites with high Ni and low
Cu, while those from alkaline and uitra-alkaline
felsic rocks tend to be richer in Cu and poor in Ni
(Tables 1,2). Dijerfisherites in the most evolved
magmatic and post-magmatic occurrences (e.g.
Khibina pegmatite, Guli alkali carbonatite,
Tazheran alkali metasomatite) are particularly Fe-
rich and Cu- and Ni-poor. Representatives from
sulphide ore deposits are Cu-rich (Genkin et al.,
1970). Most igneous-related occurrences have been
attributed to formation during the latest magmatic
stages and/or by deuteric/hydrothermal processes
involving alkali-rich fluids, generally by alteration
of pre-existing, alkali-free primary sulphides.
Evidence of djerfisherite occurring as a primary
mineral during the earlier stages of magmatic
development is much less clear.

We have recently found djerfisherite in highly
differentiated melt inclusions in melilitolites from
the ultramafic-syenite Kugda massif, Maimecha-
Kotui Province, Polar Siberia. This occurrence
provides new information which helps to establish
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FRACTIONATION OF ULTRABASIC PER ALK ALINE MELT INCLUSIONS

TABLE 2. Representative analyses of djerfisherite from occurrences listed in Table 1

Sample 1 2 3 4 5 6 7 8 9 10 11 12
Wt.%

K 9.46 9.10 8.89 946 1032 1037 9.00 1099 10.11 8.92 8.8 9.1
Fe 4735 3673 40.16 4285 37.67 518 454 5251 4217 3421 351 53.1
Ni 392 18.88 1563 12.77 — — 141 0.58 0.12 1.04 0.25 na.
Cu 1.17 0.54 0.44 — 18.2 4.49 8.37 1.06 1259 2247 216 n.a.
S 3437 33.08 3232 3492 3236 3287 338 3425 3451 3188 332 31.0
Cl 1.41 1.45 1.28 - 1.35 1.41 1.26 1.37 1.51 131 1.43 1.3
Total 97.68 9978 98.83 100.00 999 100.94 100.05 100.85 101.31 99.83 100.5 96.0

Including: (3) Co 0.11; (5) Co 0.09; (8) Co 0.09%

Analyses: (1,2) kimberlite, Elwin Bay, Canada; (3) kimberlite, Yakutia, Russia; (4) alnoite, Monteregian Hills,
Canada; (5,6) urtite and pegmatite, respectively, Khibina, Russia; (7) alkali diatreme, Coyote River, USA; (8)
alkaline peridotite, Inagli, Siberia; (9) K-rich syenite, Murun, Siberia ; (10) melteigite, Salmagorsky, Russia; (11)
carbonatite, Kovdor, Russia; and (12) carbonatite, Guli, Siberia

the conditions of formation of this unusual
mineral type which is the subject of the present
communication.

Results and discussion

The Kugda intrusive complex forms a ring-like
oucrop of ~4 km?, and consists of a wide range of
rock types including peridotite, melilitolite and
urtite (Kogarko et al., 1995). The melilitolites are
intruded early and conmsist of melilite, olivine,
clinopyroxene, titanomagnetite, monticellite and
perovskite as the main phases. Accessory
minerals include phlogopite, apatite and calcite.
The melilite grains contain primary melt inclu-
sions (50-80 um across) which now consist of a
proliferation of daughter minerals including
forsterite, diopside, monticellite, wollastonite,
larnite, titanite, phlogopite, nepheline, sodalite,
titanomagnetite, apatite, perovskite, combeite
(Na,Ca,Si304), a fibrous hydrated calcium
silicate with Ca:Si of ~1:1 (analytical total
~ 80 wt.%; tobermorite?), sylvine, sinjarite
(CaCl,.2H;0), calcite, Ca-Na-K carbonate (nyer-
ereite), and particularly important in the context
of the present paper, djerfisherite, pyrrhotite,
pentlandite, and chalcopyrite. Many of these
phases have only been identified from their
microprobe analyses. The djerfisherite sometimes
occurs as discrete euhedral crystals and some-
times as rounded (spherical) composite grains
with, or as overgrowths on, pyrrhotite and
pentlandite. The alkali-rich and volatile-rich
nature of the inclusion paragenesis is noteworthy.
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These micro-inclusions can be homogenized to a
single melt-phase over the temperature range
950—1200°C (work in progress). Overall, this
mineral and textural association points to in sifu,
closed system differentiation of a high-Ca, low-
silica magma which shows a highly-extended
fractional crystallization history towards peralka-
line, carbonate-rich magmas related to its high
volatile content (Cl, CO,, S, HyO).

Figure 1 shows two melt inclusions from a
Kugda melilitolite. Table 3 gives representative
analyses of djerfisherite and its associated
sulphides, and Fig. 2 shows the variation of Fe,
Ni and Cu in djerfisherites from our samples
together with representative data from other
localities (Table 2). The djerfisherite composi-
tions show a fairly wide inter-grain variation with
individual grains being relatively homogeneous.
The compositions for euhedral grains vary from
Ni-rich to those with moderate Ni- and Cu-
contents, all with relatively high K and Cl, low Na
and variable Ca. The most Ni-rich of our analyses
are similar to those from kimberlite-nodule
occurrences, but our Cu values are always much
lower than those occurring in djerfisherites from
peralkaline felsic rocks (Tables 1, 2 and 3). Our
analyses of djerfisherite rims on composite
pentlandite/pyrrhotite grains have lower K,
higher Na and very low Cl compared with discrete
grains from Kugda; this high-Na, low-Cl rim
might have formed at a later stage than the
euhedral djerfisherites.

The formation of djerfisherite during the late
stages of fractionation of melilitic magmas is
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Fic. 1. Two micro-inclusions from melilite showing

djerfisherites (Dj) and a range of other daughter

minerals. Note the heterogeneous distribution of phases

in individual sections through the inclusions. Abbrevia-

tions: M1 — melilite; Di — diopside; Ph — phlogopite;

Tm — titanomagnetite; Pv — perovskite; Ap — apatite;
Cc — calcite; Nc¢ — Na-K-rich carbonate.

almost certainly related to the presence of residual
alkali carbonatite melts enriched in volatiles and S
which were probably similar in composition to the
Oldoinyo Lengai natrocarbonatites (Dawson et al.,
1992; Nielsen et al, 1997). The mineral assem-
blages present in the Kugda melilitolite bulk rock
and in the ‘melt inclusions’ can be used to infer the
conditions of fractional crystallization from the
melilitic parental magma to the alkali carbonatite
residual melt, together with the formation of
djerfisherite, and into the subsolidus stage.
Homogenization temperatures of djerfisherite-
bearing micro-inclusions are up to 1200°C with
melting beginning in some inclusions at ~500°C.
However, the assemblage monticellite + diopside
+ calcite was observed to be resorbed by the melt

C. M. B. HENDERSON ETAL.

Fe

50
50% Fe 50% Ni 10 20 30 40 50 50% Fe 50%Cu

Fig. 2. Fe-Cu-Ni composition variations (at. %) in

djerfisherites from Kugda (solid triangles) and other

igneous localites (small solid symbols with numbers as

in Table 2). Note that the most Ni-rich djerfisherites

from Kugda have similar compositions to samples from
kimberlites.

between 900 and 1000°C. These phases together
with forsterite occur both in the micro-inclusions
and the parent melilitolite allowing the univariant
reaction:

3CaMgSiO, + 2CO, =

monticellite  fluid
CaMgSi,0¢ + Mg,Si04 + 2CaCO;
diopside forsterite  calcite

to be defined. Using the temperature range above
and the thermodynamic database of Shapkin et al.
(1986) a P(CO,) of 1.12 + 0.45 kbar is obtained,
suggesting development in a magma chamber at a
depth of 2—5 km if total pressure is assumed to be
equal to P(CO,). Jamtveit et al. (1997) have
recently studied a djerfisherite-bearing, contact
metamorphic/metasomatic assemblage: calcite,
wollastonite, phlogopite, diopside, melilite, kalsi-
lite; and have inferred an equilibration tempera-
ture of 870°C and Xg,,;o(CO;) of 0.38, assuming a
total pressure of 1 kbar with a mixed CO,-H,O
fluid, in accordance with the data of Zharikov ef
al. (1977). This assemblage (kalsilite molecule in
nepheline) also occurs in micro-inclusions in the
Kugda melilite and similar P/T conditions could
be inferred for this igneous occurrence.

The mineral assemblage Na,Ca,K-carbonate,
melilite, nepheline, diopside, wollastonite, larnite,
combeite, titanite, perovskite, sodalite, magnetite,
sylvite, K-Fe-sulphide occurs in both the
Oldoinyo Lengai natrocarbonatite (Dawson et
al., 1992; Dawson, 1998) and in the Kugda
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FRACTIONATION OF ULTRABASIC PERALK ALINE MELT INCLUSIONS

TaBLE 3. Analyses. of sulphides from ‘melt’ inclusions in melilites

from the Kugda complex

wt.% 1* 2% 3% 4* 57 6*

Fe 34.00 42.85 41.84 36.68 61.5 32.12
Co n.a. n.a. n.a. 0.17 n.d. 1.38
Ni 17.22 10.80 4.72 13.76 1.53 32.94
Cu 0.96 0.83 7.39 4.63 n.d. 0.03
K 8.92 8.93 891 8.06 n.d. n.d.
Na 0.11 0.03 0.21 0.42 n.d. n.d.
Ca 0.56 0.02 041 0.30 n.d. n.d.
S 33.90 32.69 32.70 33.82 358 33.09
Cl 1.37 1.35 1.37 0.09 n.d. n.d

Total 97.04 97.50 97.55 97.84 98.83 99.56

Analysed at Manchester University on: * CAMECA $X100; T JEOL
JSM6400 fitted with an Oxford Instruments eXL analyser.

Standards: Cu, Fe, and S — chalcopyrite; Ni, Co — metals; K — orthoclase;
Cl — halite; Ca — wollastonite. n.a. not analysed; n.d. not detected.
(1-3) separate djerfisherite grains; (4—6) composite sulphide grain:
djerfisherite rim (4) on pentlandite (6), adjacent to pyrrhotite (5).

melilitolite micro-inclusions (this work). Dawson
et al. (1992) reviewed various lines of evidence
and concluded that the silicate-carbonate melt
reaction at Oldoinyo Lengai occurred over the
temperature range 600—800°C. Recent experi-
mental work (Petibon ez al., 1998) on an Oldoinyo
Lengai natrocarbonatite at 1 kbar places the
solidus at about 550°C and the liquidus at about
900°C. By analogy with these studies, we deduce
that the closed-system, carbonate-melt/silicate/
sulphide mineral reactions in the Kugda micro-
inclusions probably developed over a temperature
range of ~1000-—500°C in the presence of a mixed
CO,-H,0-H,S fluid. At lower temperatures still,
the hydrated minerals (sinjarite, tobermorite?)
were formed from anhydrous precursors.

We conclude that the melt inclusions in the
Kugda melilitolite show a classic, closed-system,
fractional crystallization sequence from an
evolved melilititic magma through to a residual
alkali carbonatite melt, with the reaction sequence
being completed by deuteric alteration processes.
The volatile phases CO,, H,0, Cl, H,S/SO,
played a crucial role throughout this sequence.
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