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Abstract The evolution of a carbonated nephelinitic
magma can be followed by the study of a statistically
significant number of melt inclusions, entrapped in co-
precipitated perovskite, nepheline and magnetite in a
clinopyroxene- and nepheline-rich rock (afrikandite) from
Kerimasi volcano (Tanzania). Temperatures are estimated
to be 1,100°C for the early stage of the melt evolution of
the magma, which formed the rock. During evolution, the
magma became enriched in CaO, depleted in SiO, and
Al,O3, resulting in immiscibility at ~1,050°C and crustal
pressures (0.5-1 GPa) with the formation of three fluid-
saturated melts: an alkali- and MgO-bearing, CaO- and
FeO-rich silicate melt; an alkali- and F-bearing, CaO- and
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P,Os-rich carbonate melt; and a Cu—Fe sulfide melt. The
sulfide and the carbonate melt could be physically sepa-
rated from their silicate parent and form a Cu—Fe-S ore and
a carbonatite rock. The separated carbonate melt could
initially crystallize calciocarbonatite and ultimately
become alkali rich in composition and similar to natro-
carbonatite, demonstrating an evolution from nephelinite to
natrocarbonatite through Ca-rich carbonatite magma. The
distribution of major elements between perovskite-hosted
coexisting immiscible silicate and carbonate melts shows
strong partitioning of Ca, P and F relative to Fer, Si, Al,
Mn, Ti and Mg in the carbonate melt, suggesting that
immiscibility occurred at crustal pressures and plays a
significant role in explaining the dominance of calciocar-
bonatites (sOvites) relative to dolomitic or sideritic car-
bonatites. Our data suggest that Cu—Fe—S compositions are
characteristic of immiscible sulfide melts originating from
the parental silicate melts of alkaline silicate—carbonatite
complexes.

Keywords Melt inclusion - Liquid immiscibility -
Carbonate melt - Sulfide melt - Silicate melt - Carbonatite -
Natrocarbonatite - Nephelinite - Kerimasi - Tanzania

Introduction

Carbonatite and associated alkaline silicate rocks occur in
numerous igneous complexes (Wooley and Kjarsgaard
2008). Knowledge of the composition and evolution of the
primary magma(s) responsible for their crystallization is
essential in understanding their petrogenesis. The study of
primary melt inclusions is a powerful tool to determine
such melt compositions (Le Bas and Aspden 1981; Roed-
der 1987; Veksler and Lentz 2006; Solovova et al. 2006;
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Guzmics et al. 2008, 2011; Mitchell 2009; Panina and
Stoppa 2009). These melt inclusion studies and those of
natural examples (Le Bas 1977; Nielsen 1980; Hay 1983;
Kogarko et al. 1991; Dawson et al. 1994; Mitchell 2005)
together with numerous experimental studies (Koster van
Groos and Wyllie 1968; Hamilton et al. 1979; Kjarsgaard
and Peterson 1991; Lee and Wyllie 1997, 1998; Brooker
and Kjarsgaard 2010) suggest that liquid immiscibility
might play a major role in the formation of carbonatites.
Although different evolutionary paths of the parental
melt(s) of alkaline silicate and carbonatite rocks have been
suggested (Le Bas 1977; Bailey 1993; Dawson et al. 1996;
Nielsen et al. 1997; Lee and Wyllie 1997; Kjarsgaard 1998;
Mitchell 2009; Guzmics et al. 2011), several questions
remain unanswered.

In this study, we present statistically significant com-
positional data for primary silicate, silicate—carbonate, and
silicate—carbonate—sulfide melt inclusions hosted by co-
precipitated nepheline, perovskite and magnetite from a
clinopyroxene—nepheline—perovskite—magnetite—melilite
rock (afrikandite) collected at Kerimasi Volcano, Tanzania.
The melt inclusions show that during evolution of car-
bonated nephelinite magma, its composition reaches the
immiscibility field, resulting in three immiscible melts. To
the best of our knowledge, this is the first study reporting
immiscibility between silicate, carbonate and sulfide melts.
The carbonate melt formed at this time could become the
parental melt of calciocarbonatite found at Kerimasi
(Guzmics et al. 2011) and other localities (Wooley and
Kjarsgaard 2008).

Additionally, we determined the partitioning of major
elements in coexisting silicate and carbonate melts in
perovskite-hosted melt inclusions to explain the dominance
of calciocarbonatites (soévites) relative to dolomitic or
sideritic types (Heinrich 1966; Tuttle and Gittins 1966; Le
Bas 1977; Bell 1989).

Sampling and petrography

Samples of 5-8 cm blocks of afrikandite were collected from
the major debris flow emanating from Kerimasi volcano at
Trig Point Hill. These plutonic rocks have typical igneous
texture (Fig. la—e) and consist mainly of anhedral
(100-500 pm) and subhedral-to-euhedral clinopyroxene
together with anhedral nepheline (80—400 pum). Lesser
amounts of subhedral-to-euhedral perovskite (100-600 pm),
anhedral magnetite (100-300 pm) and anhedral melilite
(100-400 pm) also occur. Accessory minerals in the rock are
apatite and calcite. The subhedral-to-euhedral clinopyroxenes
are megacrysts (2,000-7,000 um) with a brown core
(500-3,000 pm) and a pale green rim (1,000-4,000 pum,
Fig. 1c). Anhedral clinopyroxene (= matrix clinopyroxene) is
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green and similar to rims of megacrysts (Fig. 1a, b, d). Calcite
occurs in clinopyroxenes as inclusions coexisting with
perovskite and magnetite (Fig. 1f).

Almost all rock-forming minerals in the afrikandite contain
crystalline inclusions of the other rock-forming minerals (for
example, green clinopyroxene contains inclusions of magne-
tite, perovskite and nepheline). Exceptions are the brown
cores of clinopyroxene megacrysts that contain only perov-
skite (50-150 pm, Fig. 1c) and olivine (40-60 pm, Fig. 2a),
and magnetite-free perovskite.

Primary, randomly distributed and irregular-shaped melt
inclusions occur in perovskite (5—40 pm, Figs. 1d, 2b, c),
magnetite (2040 pm), nepheline (2-50 pm, Fig. 3) and
green clinopyroxene (5-30 pm). The melt inclusions con-
tain no bubbles. However, holes (Fig. 2b, c) representing
the places of former fluid phase (probably existed inside
the melt inclusion before exposure) occur in the melt
inclusions. The number of melt inclusions is the greatest in
perovskite (Fig. 1d); for example, at least 20 melt inclu-
sions can be found in a 200 x 200 um area on an exposed
surface (Fig. 2b). Several melt inclusions in perovskite
have three major parts (crystallized former melt phases):
silicate, carbonate and sulfide (Fig. 2b, c). The relative
portion of these varies significantly among melt inclusions.
High-resolution SE images show that the silicate-rich part
of the inclusions consists of 400-600-nm-sized crystals of
clinopyroxene and nepheline (dark crystals, Fig. 2c) and
matrix. The latter is Fe-rich glass (Fig. 2c). The carbonate-
rich fraction consists of alkali carbonates and calcite
together with daughter crystals of subhedral apatite
(Fig. 2¢). The Fe and Cu contents of the sulfides (Fig. 2b,
c¢) vary significantly; no other cations were detected by
EDS methods. Clinopyroxene and nepheline are found as
heterogeneously entrapped crystals in perovskite-hosted
melt inclusions. In the majority of the silicate melt inclu-
sions in perovskite, discrete carbonate- and sulfide-rich
parts were not observed. In nepheline, the primary silicate
melt inclusions contain Fe-rich silicate glass, together with
calcite, magnetite and clinopyroxene as daughter phases.
The latter could additionally be found as heterogeneously
entrapped crystals. Sulfides rarely occur in nepheline-hos-
ted melt inclusions. Magnetite-hosted melt inclusions are
similar to those hosted by perovskite; however, sulfide-rich
parts were not found as commonly as in perovskite.

Experimental and analytical methods

For high-resolution BSE (back-scattered electron) and SE
(secondary electron) imaging, phase identification and
qualitative analysis, we used a FEI QUANTA 3D FIB-
SEM instrument equipped with silicon drift energy dis-
persive spectrometer (EDS) located at Material Science
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Fig. 1 Petrography and texture of Kerimasi afrikandite. Cpx clino-
pyroxene, Cc calcite, Mel melilite, Mgt magnetite, Neph nepheline,
Prv perovskite. a—-d—photomicrographs, e-f—back-scattered electron

and Biological Research Center of E6tvos University and
an AMRAY-1830 IT-6 scanning electron microscope
located at Department of Petrology and Geochemistry of
Eo6tvos University. Both instruments were operated at
15-20 kV and 0.5-2 nA. Microthermometric experiments
were undertaken in the Lithosphere Fluid Research Labo-
ratory, E6tvos University, Budapest, on nepheline-, clino-
pyroxene- and perovskite-hosted melt inclusions using a
Linkam TS 1500 high-temperature stage mounted on a
Nikon Eclipse E600 polarization microscope. Heating
temperatures ranged between 1,040 and 1,200°C. A fur-
nace technique, using a Carl-Zeiss Jena high-temperature
furnace in Lithosphere Fluid Research Laboratory, E6tvos
University Budapest, was applied to a significant number
of separated perovskite, magnetite and nepheline grains

images. It can be seen on picture d that perovskite is full of with melt
inclusions

encapsulated in graphite containers to prevent oxidation
during heating—quenching experiments. Temperature used
in the experiments for different runs was 1,050°C, with an
uncertainty of 15°C. Homogenous melts in the inclusions
were produced with a quenching rate of 300-350°C/s. To
expose the melt inclusions, all samples were polished on
dry Al,O3 powder without using any water or oil in the
Lithosphere Fluid Research Laboratory, E6tvos University,
Budapest. The compositions of rock-forming mineral
phases (clinopyroxene, nepheline, perovskite, magnetite
and melilite) together with the quenched melt phases inside
melt inclusions were determined using a JEOL JXA 8200
Superprobe with five crystal wavelength dispersive spec-
trometers at the Free University, Berlin. Minerals and
quenched sulfide melts were analyzed using 1-2 pm beam,
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whereas quenched silicate and carbonate melts were ana-
lyzed using a 2-3 um beam diameter, depending on the
measurable area of quenched melts. To minimize error
derived from sodium volatilization, this element was ana-
lyzed in the first 5 s of the analysis. Accelerating voltage
and beam current were 15 kV and 20 nA, respectively.

Microthermometry

Microthermometric experiments were carried out on a
statistically significant number of nepheline-, perovskite-
and clinopyroxene-hosted melt inclusions. During mic-
rothermometry, besides the melting of the daughter phases,
volatiles incorporated in the daughter phases (e.g., in dif-
ferent carbonates, Fig. 2¢) and can be liberated to form a
fluid bubble. This fluid bubble can be homogenized into the
melt phase. This study, however, does not attempt to deal
with composition of the fluid coexisting with melts as these
data will be published subsequently.

Fig. 2 Petrography of crystal
and melt inclusions in Kerimasi
afrikandite, Tanzania. Ap
apatite. a, b—back-scattered
electron images, c—secondary
electron image. Black areas
represent places of former fluid
phase exists inside the melt
inclusions before exposure
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In general, the majority of melt inclusions investigated
could not be homogenized and decrepitated above 1,070°C
(clinopyroxene-hosted ones) and 1,180°C (nepheline- and
perovskite-hosted ones). However, several melt—fluid
homogenizations (into the melt phase) were detected in the
inclusions of clinopyroxene (minimum homogenization
temperature was 1,040°C) and nepheline (minimum
homogenization temperature was 1,050°C). Melting of the
last solid daughter phase was observed between 1,040 and
1,050°C, but always before melt—fluid homogenization.

Figure 3 illustrates the major steps in a representative
microthermometric experiment on a 20-um nepheline-
hosted silicate melt inclusion. At about 790°C, visible
melting commences. At 885°C, the fluid phase formed a
globular shape in the melt phase (Fig. 3b). At 957°C, the
size of the fluid phase was significantly reduced, and the
solid phase(s) still exist(s) (Fig. 3c). At 1,042°C, the last
daughter phase (clinopyroxene) melted. At 1,050°C, the
melt inclusion showed a negative crystal shape (Fig. 3d).
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Fig. 3 A representative microthermometric experiment of a nepheline-hosted silicate melt inclusion in Kerimasi afrikandite, Tanzania.

Photomicrographs

In this example on further heating, the size of the fluid
phase did not decrease significantly; however, visible
melting of the wall of the melt inclusion started at 1,120°C.

Heating—quenching experiments and run products

On the basis of the minimum homogenization temperatures
observed in our microthermometric experiments, heating—
quenching experiments were carried out on nepheline-,
magnetite- and perovskite-hosted melt inclusions to
reproduce the melt phases at the time of entrapment. The
separated grains were heated to 1,050°C and then quen-
ched. Figures 4 and 5 show the quenched melt inclusions in
perovskite, magnetite and nepheline. Overall, more than
200 exposed melt inclusions were studied in detail. Typi-
cally, in perovskite-hosted melt inclusions the quench
products are three immiscible melt phases, that is, silicate,
carbonate and sulfide melt with a coexisting fluid bubble
(Figs. 4, 5a, b). In many other examples, silicate melt
inclusions contain no immiscible carbonate and sulfide

melt phases (Fig. 4d). A silicate melt phase is always
present in all melt inclusions and wets the perovskite,
including carbonate-rich melt inclusions (Fig. 5b). Car-
bonate and sulfide melts formed inside the silicate melt and
have globular shapes (Figs. 4, 5a, b). When sulfide and
carbonate melts are attached, their spherical shapes are
deformed such that either the carbonate melt (Figs. 4a, 5a)
or the sulfide melt (Fig. 4b) forms a concave surface along
their boundary. A fluid bubble is present in the carbonate
melt phase (Figs. 4e, f, 5a, b); however, it also occurs in
silicate melt phase in inclusions lacking carbonate melt
phase (Fig. 4d). The silicate melt phase typically contains
100-300-nm-large quench carbonate melt globules (e.g.,
Fig. 5a). In a few examples, not completely melted neph-
eline (Fig. 4d) and clinopyroxene (not shown) crystals are
present in perovskite-hosted melt inclusions. The quenched
magnetite-hosted melt inclusions show very similar fea-
tures to those hosted in perovskite (Fig. S5c). For example,
immiscible carbonate melts usually are present, although
sulfide melts are rarely detected. Quenched nepheline-
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Fig. 4 Representative quenched, perovskite-hosted melt inclusions after heating to 1,050°C. Back-scattered electron images. Hole represents
former fluid phase (f) that existed in the inclusions prior to exposure. Neph nepheline, cm carbonate melt, sim silicate melt, sm sulfide melt

hosted melt inclusions contain silicate melt, a fluid bubble,
but no carbonate melt (Fig. 5d). Rarely, not totally melted
clinopyroxenes were found in nepheline-hosted melt
inclusions (Fig. 5e). Two textural variations were observed
in the quenched sulfide melts: one containing Cu-rich
exsolution lamellae (Fig. 4b) and the other being homo-
geneous in composition (Fig. 4c).

@ Springer

Major element compositions
The rock-forming minerals
Compositions of all analyzed clinopyroxenes are given

in Tables 1 and 2. Brown cores of clinopyroxene
megacrysts have high Al,O03 and TiO, contents (3.4-5.6
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Fig. 5 Representative quenched perovskite-, magnetite- and nephe-
line-hosted melt inclusions after heating to 1,050°C. Back-scattered
electron images. Hole represents former fluid phase (f) that existed in

and 1.8-2.2 wt. %) and have lower SiO, contents
(47.6-50.2 wt. %) than the green rims and matrix clin-
opyroxenes (0.3-2.5 Al,O5, 0.2-1.2 TiO,, 50.8-54.5 SiO,
wt. %, Fig. 6a). MgO varies positively with SiO,; the

nepheline

the inclusions prior to exposure. cm carbonate melt, sim silicate melt,
sm sulfide melt

concentration ranging from 13.0 to 14.0 wt. % for the
brown core of the megacrysts to 14.0-15.5 wt. % in the
green rim and matrix clinopyroxenes (Fig. 6b). Composi-
tions of perovskite-hosted inclusions of clinopyroxene
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overlap between those of the brown cores of megacrysts
and matrix clinopyroxenes (Fig. 6).

Compositions of nepheline are not variable (Table 3),
and contain 6.7-7.0 wt. % K50, 0.95 wt. % FeOr and 0.72
wt. % CaO. Perovskite is near-stoichiometric CaTiO3
(Table 4) with minor FeOr (0.6—1.1 wt. %), Na,O (0.4 wt.
% on average) and BaO (0.3 wt. % on average).

Magnetites are TiO,-rich (9.8-10.4 wt. %) and Cr,0s-
poor (<0.2 wt. %, Table 5) and are dominantly solid
solutions of magnetite (Fe30,4), ulvospinel (Fe,TiOy),
magnesioferrite (MgFe,0,), spinel (MgAl,O,4) and jacob-
site (MnFe,0,).

Melilites are of uniform in composition (Table 6) and
contain minor K,O and MnO (0.11 and 0.16 wt. % on
average, respectively).

The quenched melts in melt inclusions of perovskite,
nepheline and magnetite

Tables 7, 8, 9, 10, 11, 12 and Figs. 7, 8, 9, 10 show the
compositions of the quenched melts. The composition of
all 153 analyses of quenched melts is given as an electronic

supplement. All silicate and carbonate melts are rich in
alkalis (Na,O + K,0), that is, 6.2-14.5 and 11.5-21.5 wt.
%, respectively (Fig. 9).

Silicate melts are rich in FeOt (8.7-16.6 wt. %), and
their compositions vary significantly (Fig. 7). Of signifi-
cance is the decrease in Al,O5; and SiO, (from 16.0 to 5.6
wt. % and from 429 to 28.5 wt. %, respectively) with
increasing of CaO (from 8.1 to 25.0 wt. %) (Fig. 7). Sili-
cate melts coexisting with immiscible carbonate melt
(Figs. 4, 5, 7, 9; Table 10) are enriched in CaO and MgO
relative to Al,O3; and SiO, (Figs. 7, 9; Tables 8§, 9) in
comparison with silicate melts those contain no carbonate
melt phase. The majority of the silicate melts contain
notable amounts of TiO, (1.0-4.7 wt. %), P,O5 (0.7-2.7
wt. %) and SO; (0.7-1.8 wt. %). The cores of perovskite
and some nepheline crystals host MgO- and SiO,-rich sil-
icate melt inclusions (Table 7; Figs. 7, 9). These melt
inclusions contain neither immiscible carbonate nor sulfide
melts.

Overall, the carbonate melts are enriched in alkalis
(Na,O + K,0), CaO (33-43 wt. %), P,05 (3.3-7.3 wt. %),
and F (0.7 wt. %, in average), whereas MgO (0.7-2.7 wt.

Table 1 Representative compositions of clinopyroxenes in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Matrix (green) Average 1SD Rim of Inclusion in
n =20 megacryst  perovskite

Si0, 5224 51.85 52.78 5278 52.09 51.60 53.06 5443 51.88 53.12 5251 0.83 52.56 50.01 50.45 52.17
TiO, 075 083 0.60 070 073 0.86 022 034 083 061 0.69 021  0.81 1.35 170  0.90
ALO; 168 197 091 115 133 195 093 037 184 083 132 0.58 132 295 285 148
FeOr 585 629 626 559 573 624 556 406 629 512 577 0.73 525 6.77 685 6.10
MnO 024 029 020 0.19 043 027 024 031 021 024 025 0.06 0.22 026 020 0.29
MgO 14.87 1457 14.83 15.18 1494 1441 1526 1578 14.77 15.82 15.00 0.51 15.10 14.04 1393 14.65
CaO 2344 2335 23.14 2337 2328 2333 2342 24.05 23.12 2298 23.33 0.27 23.71 23.07 23.12 23.60
Na,O 0.63 058 0.65 051 053 061 060 048 048 051 0.55 0.06 0.49 0.66 0.66 0.40
Total 99.72 99.75 99.39 9949 99.14 99.33 99.32 99.83 9943 99.24 99.52 99.16  99.79 99.69
FeO7 all Fe expressed as FeO, I1SD one absolute standard deviation
Table 2 Representative compositions of core of clinopyroxene megacryst in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Brown core Average n = 13 1SD
SiO, 48.26 48.47 48.41 47.56 48.56 48.80 48.65 50.19 48.42 0.63
TiO, 1.94 1.78 1.87 2.14 1.83 1.80 1.90 1.90 1.85 0.10
Al,O3 5.16 5.02 4.92 5.64 5.04 4.96 4.82 341 4.78 0.56
FeOr 6.96 6.96 6.96 7.15 6.90 6.87 6.71 6.61 6.86 0.15
MnO 0.11 0.13 0.14 0.13 0.10 0.10 0.16 0.10 0.13 0.02
MgO 13.27 13.36 13.24 13.05 13.31 13.21 13.41 13.96 13.44 0.24
CaO 23.45 23.29 23.34 23.12 23.39 23.41 2343 22.15 23.23 0.37
Na,O 0.55 0.58 0.45 0.59 0.54 0.56 0.60 0.65 0.52 0.05
Total 99.71 99.68 99.34 99.44 99.69 99.78 99.79 98.99

FeOr all Fe expressed as FeO, ISD one absolute standard deviation
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Fig. 6 Compositional variation of clinopyroxenes in Kerimasi afri-
kandite, Tanzania. Gray arrow shows the compositional change of
clinopyroxenes with melt evolution

%), FeOr (0.4-2.8 wt. %) and SiO, (1.3-2.2 wt. %) are
present in lesser amounts compared to the silicate melts
(Tables 10, 12; Fig. 9).

Sulfide melts consist of S, Fe and Cu (Table 11). Copper
and iron are significantly, in contrast to S, reflecting
changes in composition from Cu-rich melts to those similar

to FeS—Fe binary compositions (through intermediates).
Sulfide melts contain very low amounts of Ni (<0.2 wt. %,
Table 11).

Discussion

Our study of clinopyroxene- and nepheline-hosted silicate
melt inclusions show melting of the last daughter phases
between 1,040 and 1,050°C (Fig. 3) and minimum fluid-
melt homogenization at 1,040-1,050°C. On the basis of
these observations, it is concluded that crystallization
of the afrikandite could have happened in the range of
1.050-1.100°C.

Triple melt immiscibility between silicate, carbonate
and sulfide melts

Many perovskite-hosted quenched melt inclusions show the
coexistence of three immiscible melt phases (silicate, car-
bonate and sulfide) together with a fluid phase (Figs. 4, 5).
During our experiments, the melts in perovskite-hosted melt
inclusions never homogenized completely into one melt
phase, even when temperatures are increased to 1,180°C. At
this temperature, perovskite started melting resulting in
decrepitation of melt inclusions at 1,200°C. In the perovskite-
hosted quenched melt inclusions, the proportion of the quen-
ched melt phases and fluid phase are highly variable (Figs. 4,
5b). These observations imply that immiscible silicate, car-
bonate and sulfide melt phases together with a fluid phase
coexisted before or during precipitation of such perovskites.
Entrapment of the phases in arbitrarily proportions is termed
heterogeneous entrapment and has been observed in diverse

Table 3 Representative compositions of nepheline in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Rock forming

Inclusions in  Average 1SD

perovskite (n=22)
SiO, 4049 40.77 40.57 40.62 40.56 40.55 40.69 40.65 40.67 40.50 40.44 40.60 40.48 40.52 40.59 0.08
TiO, 0.02 nd 0.01 nd 0.01  0.02 0.01 0.00 nd 0.01 0.02 026 0.12 0.03 0.06
AlL,O; 3456 3441 3463 3441 3448 3455 3461 3456 34.65 3466 34.67 34.63 3473 34.69 34.64 0.12
FeOr 1.01 1.11 095 111 1.10 1.07 1.06 1.03 097 088 0.92 099 083 0.87 095 0.12
MnO 0.04 0.01 0.01 nd nd nd 0.01 0.00 nd 001 0.04 nd 0.00 nd 0.01 0.02

MgO 0.09 0.07 0.07 0.08 0.07 0.08 0.09
CaO 0.71 0.70 073 072 073 0.69 0.70

0.07 0.08 0.08 0.07 0.07 0.09 0.08 0.07 0.01
0.72 073 075 0.75 071 088 0.74 0.72 0.04

BaO 0.03 0.02 nd nd 0.02 002 nd 0.05 nd 0.03 0.01 002 0.02 0.05 0.02 0.02
Na,O 16.07 1620 16.18 16.12 1625 1639 1627 16.19 16.16 16.19 1624 16.18 16.01 16.19 16.18 0.09
K,O 6.87 6.74 6.86 6.68 6.63 6.61 6.70 6.78 6.77 6.777 6.66 6.81 671 6.62 6.76 0.11
Total 99.89 100.03 100.02 99.76 99.87 99.99 100.16 100.06 100.03 99.87 99.81 100.04 99.89 99.89

PI 0.98 0.99 098 098 098 0.99 0.98 0.98 098 098 0.98 098 097 098 098 0.00

FeOy all Fe expressed as FeO, ISD one absolute standard deviation, nd not detected, PI peralkalinity = (Na,O + K,0)/Al,O3 as molar

proportion
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Table 4 Representative compositions of perovskite in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Average (n = 20) 1SD

TiO, 57.88 58.65 57.81 58.51 57.94 57.84 58.29 58.31 57.87 58.10 0.42
FeOr 0.67 0.86 0.78 1.09 0.61 0.58 0.79 0.67 0.60 0.72 0.13
CaO 38.69 38.90 38.96 38.83 38.75 38.62 39.06 38.55 38.45 38.62 0.43
BaO 0.24 0.33 0.37 0.29 0.28 0.28 0.34 0.27 0.27 0.30 0.04
Na,O 0.32 0.34 0.23 0.43 0.44 0.34 0.31 0.32 0.45 0.39 0.12
Total 97.79 99.09 98.14 99.15 98.02 97.66 98.79 98.12 97.64

FeOr all Fe expressed as FeO, 1SD one absolute standard deviation

Table 5 Representative compositions of magnetite in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Average (n = 20) 1SD

TiO, 10.04 9.81 9.97 9.96 10.28
ALO; 1.77 1.79 1.71 1.67 1.66
Cr,05 0.15 0.20 0.19 0.18 0.15
FeOr 78.58 78.73 78.75 78.94 78.73
MnO 1.22 1.27 1.20 1.23 1.27
MgO 3.31 3.24 3.24 3.08 3.04
Total 95.08 95.04 95.06 95.07 95.12

79.06

95.03

9.86 10.13 10.18 10.27 10.14 0.17

1.64 1.55 1.69 1.72 1.79 0.11

0.10 0.17 0.18 0.22 0.19 0.04
78.94 78.66 78.35 78.55 0.25

1.17 1.22 1.12 1.22 1.25 0.05

3.20 3.08 3.27 3.34 3.20 0.09
95.08 95.10 95.12

FeO7 all Fe expressed as FeO, I1SD one absolute standard deviation

Table 6 Representative compositions of melilite in wt. %. Kerimasi afrikandite, Trig Point Hill, Tanzania

Average (n = 20) 1SD

SiO, 44.19 44.23 44.21 44.27 44.62
TiO, 0.02 0.03 0.04 0.05 0.07
Al,O3 7.38 7.22 7.02 7.09 7.06
FeOr 4.39 4.44 4.36 4.49 4.43
MnO 0.16 0.16 0.16 0.16 0.16
MgO 7.10 7.11 7.06 7.20 6.98
CaO 32.34 32.27 32.17 32.12 31.91
BaO nd 0.04 0.02 nd nd

Na,O 4.17 4.35 4.68 4.41 4.42
K,O 0.12 0.10 0.10 0.10 0.10
Total 99.88 99.96 99.84 99.89 99.75
PI 0.95 1.01 1.11 1.04 1.04

44.48

31.77

99.87

44.55 44.62 44.46 44.49 0.31
0.06 0.04 0.07 nd 0.04 0.02
7.34 722 7.08 7.46 7.14 0.28
4.34 4.30 4.29 4.19 4.36 0.08
0.18 0.16 0.19 0.19 0.16 0.02
7.08 7.06 7.19 7.06 7.10 0.07

32.02 32.23 31.90 32.01 0.21
0.01 0.03 nd nd 0.02 0.02
4.48 4.29 4.15 4.43 4.39 0.14
0.12 0.10 0.10 0.12 0.11 0.01

99.76 99.92 99.82
1.02 0.99 0.98 0.99 1.03 0.05

FeOr all Fe expressed as FeO, 1SD one absolute standard deviation, P/ peralkalinity = (Na,O 4 K,0)/Al,05 as molar portion

melt and fluid inclusions (e.g., Roedder 1984, 1987; Danyu-
shevsky et al. 2002; Bodnar and Student 2006; Veksler 2006;
Mitchell 2009; Hidas et al. 2010; Guzmics et al. 2011).
Crystals that have been precipitated prior to forming of melt
inclusion could also be entrapped heterogeneously. Temper-
atures of homogenization higher than ~ 1,050°C, microther-
mometric experiments with decrepitation and not complete
melting (during our heating—quenching experiments) of het-
erogeneously entrapped crystals in the melt inclusions
(Figs. 4d, 5e) result from this phenomenon. The melt phases
in perovskite (Figs. 4, 5) must have been saturated with
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respect to each other and the fluid phase. The presence of
100-200-nm-large carbonate melt droplets exsolved during
the quench (Fig. 5a, c) in many silicate melt phases, and the
SiO, content of the carbonate melt phase (1.3-2.2 wt. %)
(Table 8) suggests that they can partially dissolve in each
other at 1,050°C. This is supported by similar quench car-
bonate melt droplets formed in immiscible silicate melts in the
experimental run products of Brooker and Kjarsgaard (2010,
their Fig. 2).

The S-contents of 3,000-7,000 ppm (Fig. 10) of the
silicate melts in perovskite-hosted melt inclusions are
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Table 7 Compositions (wt. %) of quenched (after heating to 1,050°C), Mg- and Si-rich silicate melt inclusions hosted in core of perovskite (Prv)
and nepheline (Neph). Kerimasi afrikandite, Trig Point Hill, Tanzania

No. 65 117 136 137 138 145 155 3 58 170
Host Prv Prv Prv Prv Prv Prv Prv Neph Neph Neph
SiO, 42.84 41.54 38.60 40.37 41.55 39.63 40.46 40.07 40.33 42.07
TiO, 4.69 4.46 4.70 4.22 3.40 4.74 4.71 3.48 3.19 2.26
AlLO; 13.21 12.61 16.07 14.03 15.68 14.70 15.44 15.25 14.32 13.53
FeOr 9.06 8.52 9.50 9.91 11.80 9.86 10.04 7.19 7.55 8.96
MnO 0.24 0.29 0.38 0.37 0.47 0.36 0.33 0.36 0.34 0.43
NiO 0.01 0.01 nd 0.01 nd 0.02 nd nd 0.02 nd
MgO 5.26 6.33 6.18 5.06 4.88 5.72 5.71 6.38 6.72 5.04
CuO 0.08 0.01 0.04 0.06 0.18 0.02 0.03 0.16 0.06 0.03
CaO 10.39 11.19 10.95 12.08 8.10 11.07 11.00 12.28 12.65 9.70
BaO 0.17 0.03 0.16 0.17 0.16 0.29 0.26 nd 0.06 0.01
Na,O 3.95 5.64 7.49 7.08 6.27 7.61 5.62 5.13 3.44 9.55
K,0 221 241 3.14 2.82 3.79 3.14 3.28 3.64 3.14 4.90
P,0s 1.18 0.87 0.50 0.72 0.46 0.58 0.58 2.18 2.14 0.56
F 0.02 nd nd nd nd nd nd nd 0.07 nd
SO; 0.04 0.03 0.04 0.05 0.04 0.06 0.04 0.06 0.04 0.04
Cl 0.01 0.01 0.01 nd 0.01 nd nd nd nd nd
Total 93.35 93.96 97.76 96.93 96.79 97.80 97.50 96.18 94.07 97.09

nd not detected, FeOr all Fe expressed as FeO

Table 8 Representative compositions (wt. %) of quenched (after heating to 1,050°C) silicate melts in melt inclusions hosted by perovskite (Prv).
Kerimasi afrikandite, Trig Point Hill, Tanzania

No. 7 26 28 31 34 36 40 41 47 56 118 127 174 200 (n =42)
Min Max

SiO, 28.52 30.16 29.17 30.62 3031 3145 3408 3564 3771 3328 29.77 40.61 3394 3593 2852 42.06
TiO, 384 372 370 400 356 325 345 354 345 3.00 326 426 352 408 292 476
ALO; 638 556  6.19 751 6.41 721 598  6.46 11.72 854 556  9.56 11.10 1037 5.56 12.15
FeOr 1142 1037 1095 11.27 1028 1055 11.86 12.00 12.03 11.97 1134 1186 11.79 949 949 12.44
MnO 0.88  0.87 1.07 08 083 072 084 08 055 079 097 058 062 053 053 1.07
NiO nd 0.01 nd nd 0.02 004 000 001 002 nd 003 nd 0.04  0.01 - 0.06
MgO 508 452 580 452 428 408 339 314 320 422 452 325 338 3091 267 580
CuO nd 0.02  0.03 0.01 nd nd nd nd 0.01 0.01 0.05 nd 005 nd - 0.50
CaO 23.18 25.08 21.84 21.52 20.60 21.15 21.60 1871 13.69 17.89 2321 14.04 1571 1794 10.86 25.08
BaO 0.21 0.16 022 0.15 0.5 0.11 009 018 012 012 022 003 014 001 0.01 0.22
Na,O 699 720 878 7.78 7.01 769 549 4381 747 749 498 437 644 701 435 992
K,O0 253 210 245 259 261 335 298 262 391 299 217 381 355 329 210 485
P,0s 198 215 1.82 1.75 1.56 1.86 246 233  0.77 1.85 222 092 197 258 063 265

F 0.01 nd nd nd nd nd nd nd 0.11 0.10 0.19 nd 0.18 nd - 0.37
SO; 1.26 1.41 1.77 1.42 1.54 1.08 1.33 1.24 081 1.21 1.60 093 1.14 080 0.70 1.77
Cl 0.01 0.01 nd 0.01 0.01 0.02 0.00 0.01 0.01 nd nd nd nd nd - 0.03

Total 9228 9335 93.78 9394 89.15 9257 9357 9157 9559 9345 90.10 9421 9356 9594

Note that all of studied quenched silicate melt compositions in perovskite (n = 42) can be followed as electronic supplement. nd not detected,
FeOy all Fe expressed as FeO

much higher than those of sulfur-saturated basaltic magma,  melts the solubility of S increases with increasing FeO,
which are approximately 1,000-2,000 ppm at 1,050°C (Li  alkalis, CaO content and temperature, coupled with
and Ripley 2005; Liu et al. 2007). However, in silicate decreasing SiO,, Al,Os;, Fe,O; contents and pressure
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Table 9 Compositions (wt. %) of quenched (after heating to 1,050°C) silicate melt inclusions hosted in magnetite (Mgt) and nepheline (Neph).

Kerimasi afrikandite, Trig Point Hill, Tanzania

No. 158 159 160 164 165 166 167 168 169 170 60 70 74 76 84
Host Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Neph  Neph Neph Neph Neph
SiO, 31.69 31.36 3193 3740 3240 31.77 31.02 3249 3213 31.11 4159 37.74 4197 3889 39.62
TiO, 3.03 0.96 2.60 3.13 1.30 1.49 2.39 3.35 1.43 1.15 2.88 2.87 1.36 1.22 1.86
ALO3;  6.58 6.66 6.01 6.63 7.14 7.45 5.07 6.06 7.70 7.94 1479  7.18 11.50 8.21 13.22
FeOr 11.38 1392 1403 1259 1428 1440 13.19 1471 1453 1417 8.78 16.66 12.57 14.09 11.85
MnO 0.93 1.20 0.90 0.72 1.09 1.08 0.82 0.91 1.00 1.20 0.34 0.74 0.67 0.71 0.62
NiO nd 0.04 nd nd nd nd 0.03 nd nd 0.03 nd 0.04 nd nd 0.02
MgO 348 4.71 3.54 2.68 4.02 4.11 3.15 3.31 4.14 4.84 3.35 3.34 3.14 3.64 3.36
CuO 0.05 0.09 0.01 0.01 0.04 0.03 0.03 0.04 0.04 0.03 0.08 nd nd nd 0.03
CaO 2218 17.76 2432 1699 19.05 18.16 2323 2226 18.03 1691 12.18 14.34 1254 1562 12.89
BaO 0.02 0.04 nd 0.14 0.10 0.12 0.01 0.09 0.14 nd 0.14 0.17 0.04 0.13 0.06
Na,O 9.11 9.81 6.41 10.90  8.06 8.49 8.01 7.59 8.32 10.62  6.02 6.85 7.75 7.41 9.26
K,0 1.20 2.09 1.00 3.40 1.54 2.02 1.63 0.94 2.02 1.58 2.85 2.86 2.86 2.78 3.09
P,0s5 0.94 1.47 0.72 1.99 1.41 1.52 1.35 0.69 1.53 1.07 0.60 0.44 0.23 0.70 0.21
F 0.10 0.25 0.16 nd 0.27 0.30 0.31 0.10 0.27 0.21 nd nd nd nd nd
SO; 0.80 1.89 0.69 1.38 1.06 1.42 0.97 0.72 1.64 0.68 0.37 1.10 0.65 1.36 0.60
Cl 0.01 0.02 0.01 0.01 0.01 0.01 0.01 nd nd nd nd 0.01 0.01 nd 0.02
Total  91.50 9226 9232 9797 91.77 9236 91.20 9326 9290 91.51 9397 9433 9528 9476 96.71

nd not detected, FeOr all Fe expressed as FeO

(Haughton et al. 1974; Poulson and Ohmoto 1990; Mavr-
ogenes and O’Neil 1999; O’Neil and Mavrogenes 2002;
Liu et al. 2007). The perovskite-hosted silicate melts are
generally higher in FeOr (av. 11.2 wt. %), alkalis
(Na,O + K,0 = av. 10.0 wt. %) and CaO (av. 17.0 wt. %)
and lower in SiO, (av. 34.5 wt. %) and Al,O3 (av. 9.5 wt.
%) than most basalts. Thus, silicate melts in the melt
inclusions can be considered as melts with high S solubility
relative to basalts.

Immiscibility between sulfide and basic silicate melts is
a well-known phenomenon at crustal pressures (Naldrett
1989; Roedder 1992; Ripley et al. 2002). Kogarko et al.
(2001) have described silicate glass, nearly pure calcite
globules (without any alkalis) and Fe—Ni sulfides in mantle
xenoliths and, on the basis of texture, have interpreted
these as representing three immiscible melts. However, as
is shown by numerous experiments (Lee and Wyllie 1997,
1998; Kjarsgaard 1998; Brooker and Kjarsgaard 2010) and
by natural melt inclusions (e.g., Seifert and Thomas 1995;
Nielsen et al. 1997; Sokolov et al. 1999; Rass and Plechov
2000; Mitchell 2009; Guzmics et al. 2011) that globules of
calcite or nearly pure calcite (carbonate without alkalis)
cannot represent immiscible carbonate melt coexisting with
silicate melt as their compositions do not plot in any
experimentally constrained immiscibility field. Our melt
inclusion data also show (Fig. 9) that significant amounts
of alkalis, at least 7-10 wt. % of total Na,O + K,O is
required to produce silicate—carbonate immiscibility,
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regardless of the coexistence of a sulfide melt. In summary,
we consider that immiscibility between three fluid-satu-
rated melts (silicate, carbonate and sulfide) occurred during
the crystallization of the afrikandite host rock.

Melt(s) evolution based on composition
of the quenched melt inclusions

Although the quenched sulfide melts show consistent
compositional variations with basalt-coexisted sulfide
melts determined experimentally by Ripley et al. (2002),
discussion of their compositional evolution is beyond the
scope of the present work and will be published subse-
quently. In this study, we focus on the compositional
evolution of the silicate and carbonate melts.

Figure 7 shows the compositional variation of all ana-
lyzed quenched silicate melts. The direction of melt evo-
lution during crystallization (Fig. 7a) shows decrease in
Al,O3 with increase in CaO, indicating nepheline precipi-
tation. However, other Mg- and Si-rich silicate melt
inclusions (Fig. 7b), occurring in the cores of perovskite
and nepheline (Fig. 7c; Table 7), do not plot on the same
trend. To explain the compositional evolution of the
melt(s), all the melt compositions (n = 137) are plotted on
a pseudo-quaternary diagram from haplocarbonatite system
[(Ca0)—(MgO + FeOr)—(SiO, 4+ Al,O3 + TiO,)-(Na,O +
K,0)—(CO,)] (Fig. 9a, b), where 1 GPa experimentally
determined (Lee and Wyllie 1998) silicate—carbonate
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Table 11 Representative compositions (wt. %) of quenched (after heating to 1,050°C) sulfide melts in melt inclusions hosted in perovskite.
Kerimasi afrikandite, Trig Point Hill, Tanzania

No. of coexisting:

Silicate melt 7 na 34 41 67 93 107 118

Carbonate melt na 16 na na 66 92 106 na (n = 15)

No. 2 5 8 11 14 16 19 22 Min Max
S 34.37 3221 29.26 33.92 35.05 33.88 34.03 31.28 20.97 37.04
Cu 13.03 17.79 0.17 23.78 15.93 14.63 8.97 0.08 0.08 69.24
Ni 0.10 0.07 0.04 0.05 0.16 0.01 0.06 0.03 - 0.20
Fe 49.99 46.96 67.02 40.16 44.75 48.47 52.92 65.85 5.75 67.02
Co 0.06 0.02 0.05 0.03 0.05 0.01 0.03 0.05 - 0.07
Total 97.56 97.05 96.53 97.94 95.94 97.00 96.01 97.29

All the sulfide melt is coexisting with immiscible silicate melt and most of them additionally with carbonate melt

Note that composition of all the studied sulfide melt can be followed as electronic supplement (n = 15). Number of coexisted silicate and
carbonate melt is also indicated if their compositions are available. na not available

Table 12 Representative compositions (wt. %) of quenched (after heating to 1,050°C) carbonate melt in melt inclusions hosted in perovskite.
Kerimasi afrikandite, Trig Point Hill, Tanzania

No. 4 9 16 37 43 89 98 120 123 176 177 180 198 204 (n = 44)

Min Max

SiO, 1.86 1.91 0.60 1.54 1.61 136 2.05 1.09 1.28 1.41 1.05 1.65 1.61 1.58  0.60 3.06
TiO, 058  0.31 033 042 069 050 054 042 037 036 021 040 056 044 021 0.69
ALO; 0.04 004 001 005 009 020 042 001 0.01 nd 0.03 0.19 001 026  0.01 0.42
FeOr 143 1.06 1.69 1.57 1.01 0.84 1.25 1.05 082 072 096 1.86 133 204 039 2.77
MnO 028 017 031 035 025 0.18 021 020 015 076 022 029 034 021 0.15 0.76
NiO nd 0.01 0.03 nd 0.01 002 nd nd nd 002 003 nd nd 007 - 0.07
MgO 138 219 256 1.69 136 099 231 2.03 142 250 1.21 1.59 1.66 1.21 0.74 2.68
CuO 0.01 nd 002 nd nd 0.06 nd 006 003 003 002 nd nd 039 - 0.66
CaO 39.18 3824 3487 3566 3842 36.64 38.00 38.66 4126 33.07 36.00 3534 4222 3489 33.07 42.85
BaO 036 0.16 0.61 0.17 020 1.00 022 005 029 030 018 031 0.18 028  0.05 1.00
Na,O 642 991 1148 1335 10.00 9.44 1023 10.61 7.15 15.82 13.62 1343 7.12 13.08 6.42 15.82
K,O 709 692 622 492 633 871 5.61 589 691 567 617 533 520 465 434 8.71
P,Os 500 429 522 403 481 389 508 421 429 378 410 449 651 516  3.05 7.26

F 038 077 051 0.11 073 028 077 0.61 030 082 050 0.14 146 036  0.07 1.91
SO; 026 033 040 021 0.09 014 005 017 014 017 075 027 0.09 .12 0.05 1.65
Cl 0.01 nd 0.01 002 nd nd 0.01 0.01 0.00  0.01 0.01 0.01 003 001 - 0.03

Total 64.25 6631 6485 6407 6560 6426 6674 6507 6441 6543 6504 6531 6830 6574

All the carbonate melts are coexisting with immiscible silicate melt

Note that all of studied quenched carbonate melt compositions in perovskite (n = 44) can be followed as electronic supplement. nd not detected,
FeOr all Fe expressed as FeO

immiscibility field, silicate liquidus surface and carbonate  cause of melt evolution (gray arrows in Fig. 9b). However,
liquidus surface are also illustrated. Projected compositions ~ most of the Mg- and Si-rich melt inclusions, found in the
as shown in Fig. 9a are enlarged in Fig. 9b to demonstrate  cores of perovskite and some nepheline (Fig. 7c), plot to
the co-precipitation effects of nepheline and clinopyroxene  the opposite side of the nepheline—clinopyroxene join
on the compositions of the silicate melts hosted by on the [(Ca0)-(SiO, + Al,O3 + Ti0O,)—-(Na,0O + K,0)]
perovskite, magnetite and nepheline. Compositional chan-  plane (Fig. 9b). These compositions could represent those
ges of the majority of the silicate melts reflect the co-  of the initial melts that were fractionated to give the major
precipitation of nepheline and clinopyroxene as the main ~ compositional trend as shown by the gray arrow in Fig. 9b,
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Fig. 7 Compositional variation of quenched silicate melts after
heating to 1,050°C in melt inclusions hosted in perovskite, nepheline
and magnetite, Kerimasi afrikandite, Tanzania. Gray arrows show the
melt evolution that was mainly controlled by co-precipitation of
nepheline and clinopyroxene. b Suggests that from the early melts
(Mg- and Si-rich compositions) olivine also precipitated found in
clinopyroxene megacrysts (see Fig. 2a). ¢ Shows the distribution of
the melt inclusions having different compositions in perovskite. Hole
represents former fluid phase (f) that existed in the inclusions prior to
exposure. Mgt magnetite, Neph nepheline, Prv perovskite

if a CaO-free and SiO,-bearing phase, such as olivine, also
precipitated at this time. This hypothesis is supported by
the occurrence of olivine crystals in some of the clinopy-
roxene megacrysts (Fig. 2a). Fractionation of olivine at
early stage of the melt evolution can connect the compo-
sitions of the Mg- and Si-rich silicate melt inclusions to the
majority of silicate melt compositions in the MgO-SiO,
plot (Fig. 7b).

The effects of melt evolution can also be seen by the
variation in composition of the clinopyroxenes, which
show a decrease in Al,O; and TiO, (Fig. 6a) with
increasing SiO, and MgO (Fig. 6b). This trend can be
followed from the brown cores of megacryst to the green

Fig. 8 Peralkalinity [(Na,O + K,0)/Al,05, molar portions] versus
CaO diagram showing the compositional variance in the quenched
silicate melts after heating to 1,050°C in melt inclusions hosted in
perovskite, nepheline and magnetite, Kerimasi afrikandite, Tanzania.
Gray arrows show the melt evolution. Because the peralkalinity of
nepheline and melilite is constant unity (0.98 and 1.03; Tables 3, 6,
respectively), peralkalinity of the silicate melt could be increased by
fractionation of clinopyroxene. The latter one shows significant
decrease in Al,O5 (Fig. 6) at constant alkali content (Tables 1, 2)

rims (Fig. 1c); the latter have compositions similar to
matrix clinopyroxenes (Fig. 6). The compositions of
perovskite-hosted clinopyroxene inclusions overlap those
of the brown cores and green rims of the clinopyroxene
megacrysts (Fig. 6). These temporal and compositional
relationships follow the silicate melt evolution trend. A
decrease in Al,Oj3 is shown by all silicate melts (Fig. 7a).
Both the clinopyroxenes and the silicate melts ultimately
become slightly enriched in MgO (Figs. 6, 7) as a result of
co-precipitation of the Mg-poor phases: nepheline, perov-
skite and magnetite. The silicate melts evolved from
(S8i0, + Al,O3)-rich to CaO-rich and (SiO, + Al,O5)-
poor compositions (Figs. 7, 9).

Considering the low analytical total for all of the silicate
melts, ranging between 89.1 and 97.8 wt. % (Tables 7, 8, 9,
10), it is probable that all of these silicate melts are car-
bonated. Enrichment of the melt in carbonate during evo-
lution could result from fractionation of the carbonate-free
major minerals. It should be noted that similar low analyt-
ical total have been reported in previous studies of silicate
melt inclusions coexisting with carbonate melt inclusions in
perovskite from the Gardiner Complex (Nielsen et al.
1997), in silicate glass in silicate—carbonate melt inclusions
in nepheline from Oldoinyo Lengai (Mitchell 2009) and in
experimentally produced quenched silicate melt coexisting
with carbonate melt (Kjarsgaard 1998).

Comparison with experimental data
On the basis of the quenched melt and rock-forming mineral
compositions together with phase relationships in the model

haplocarbonatite system (Lee and Wyllie 1998), it is
probable that at an early stage of the melt evolution a
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Fig. 9 Quenched melts (n = 138) after heating to 1,050°C in melt
inclusions of perovskite, nepheline and magnetite, plotted in the
pseudo-quaternary diagram [(CaO)-(MgO + FeO1)—(SiO, + AL,O5 +
TiO,)—(Na,O + K,0)] projected from CO, (Lee and Wyllie 1998,
L&W), showing the silicate liquidus surface, the carbonate liquidus
surface, together with the immiscibility field (1 GPa). Points f and g
are in the intersections of these surfaces on the (FeO' + MgO +
MnO)-free plane. Immiscibility fields determined at 0.2 and 0.5 GPa
by Brooker and Kjarsgaard (2010, B&K) for the system [Na,O—
(SiO, + Al,03)-CaO] is also shown. Arrows illustrate the
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compositional evolution of the perovskite-, nepheline- and magne-
tite-hosted melts. The presented chemical evolution led up immisci-
bility between the silicate and carbonate melts. b Shows an enlarged
part of a, indicating that the melt evolution, recorded by the quenched
silicate melts in perovskite, magnetite and nepheline, was principally
determined by co-precipitation of the main rock-forming phases, such
as the nepheline and clinopyroxene. Note that MnO is only in our
system. Uncertainties are smaller than the symbols used. FeOr—all Fe
as FeO. For further details see the text
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Fig. 10 Sulfur versus alumina diagram showing compositional
variation of quenched silicate melt after heating to 1,050°C in
perovskite-hosted melt inclusions

carbonated and fluid-saturated alkaline-rich silicate melt
existed. This melt could have been a carbonated nephelin-
itic magma, the earliest melts in Figs. 7 and 9 (Table 7),
from which nepheline, diopside, olivine and perovskite
precipitated. The initial composition was in the silicate
liquidus field (Fig. 9), and changes in the melt composition
were mainly determined by co-precipitation of nepheline
and clinopyroxene. This resulted in CaO (Figs. 7, 9), sulfur
(Fig. 10) and carbonate enrichment in the fractionated melt.
Precipitation of melilite and magnetite also occurred;
however, their effect on melt compositional changes is not
as clearly demonstrated as that of clinopyroxene and
nepheline. Peralkalinity [molar (Na,O + K,0)/Al,05] of
the silicate melt also increased from ~1 to 3 (Fig. 8).
Because the peralkalinity of nepheline (0.98 on average,
Table 3) and melilite (1.03 on average, Table 6) is close to
unity, fractionation of these minerals will have no effect
on melt peralkalinity. The melt peralkalinity could be
increased by fractionation of clinopyroxene (its peralka-
linity varies from 0.2 to 2.1), that is, removal of Al,O3
(Fig. 6) at a constant alkali content (Tables 1, 2). Ulti-
mately, silicate melt compositions reached the immiscibil-
ity field boundary and split into immiscible silicate and
carbonate melts (conjugated black and gray squares in
Fig. 9 and 11, respectively). At this time, the immiscible
melt compositions also changed within the tetrahedron
(Figs. 9, 11) along two lines, according to the boundaries of
three volumes: silicate liquidus, carbonate liquidus and
immiscible compositions. This allowed crystallization of
both silicates (nepheline, clinopyroxene and melilite) and
carbonate (calcite) (Fig. 1f) during the evolution of the
immiscible melts. We consider that the evolutionary trends
depicted in Figs 9 and 11 could have produced carbonate
melts with compositions similar to those that could have
produced Kerimasi calciocarbonatite rock (Fig. 11). Thus,
the carbonate melt could be physically separated from

the silicate melt and transported to lower pressures and
temperatures, eventually to become the parental melt of
Kerimasi calciocarbonatite and, ultimately, to natrocar-
bonatite (Fig. 11). The rare occurrence of sulfide melts in
magnetite compared to those in perovskite suggests that
sulfide melt could also separate during melt(s) evolution. In
contrast to carbonate melt, sulfide melt would probably sink
due to its higher density than that of the silicate melt
(Mungall 2002; Holzheid 2010).

To estimate the pressure at which immiscibility occur-
red, we show in Fig. 9b the silicate—carbonate immisci-
bility fields determined at 0.2 and 0.5 GPa in the system
[(Ca0)—(SiO, + Al,03)—(Na,0)—(CO,)] by Brooker and
Kjarsgaard (2010). On the [(CaO)—(SiO, + Al,O5; +
TiO,)-(Na,O + K,0)] plane, the compositions of our sil-
icate melts coexisting with immiscible carbonate melts
(connected black squares) are closer to the limb of
immiscibility field determined at 0.2 GPa pressure
(Brooker and Kjarsgaard, 2010) than those determined at
higher pressure (Lee and Wyllie 1998, 1 GPa). Our ana-
lyzed melts contain significant amounts of FeOt and MgO,
(Figs. 9, 11; Tables 7, 8, 9, 10), which lead to a decrease in
the size of the immiscibility field relative to that determined in
the [FeOr + MgO + MnO]-free plane, regardless of pres-
sure (e.g., Lee and Wyllie 1998, 1 GPa) (Fig. 9 in this study).
Therefore, higher pressures than 0.2 GPa seem to be probable
for the immiscibility recorded by our melt inclusions in
perovskite. We estimated the pressure values to be between
0.5 and 1 GPa, based on Figs. 9 and 11.

Distribution of major elements between immiscible
silicate and carbonate melts

On the basis of the compositions of coexisting silicate and
carbonate melts in the quenched melt inclusions in perov-
skite (Table 10), the distribution of major elements
between silicate and carbonate melts (Dsy; .carp) has been
calculated (Fig. 12). Sodium (Dgp .carg = 0.51-0.98), K
(0.26-0.72), Ca (0.48-0.75), P (0.26-0.68) and F
(0.08-0.33) were partitioned into carbonate melt, whereas
Mg (DSIL—CARB = 192—461), Mn (237—882), FCT
(7.27-18.43), Al (30.6-364), Si (15.1-23.8), Ti (3.10-8.89)
and S (4.72-22.9) are concentrated in the silicate melt. The
distribution is quite similar (Fig. 12) to that reported for
other coexisting immiscible melts (Kjarsgaard 1998;
Mitchell 2009). Significant differences have been observed
with respect to sulfur (Fig. 12) and to potassium. Sulfur is
compatible with the silicate melt phase in this study, but
incompatible to silicate melts analyzed by Mitchell (2009),
although these latter melts have more evolved composi-
tions and lower temperatures of formation (700-750°C,
Fig. 13) than the melts studied here. Furthermore, melts
studied by Mitchell (2009) are hosted by nepheline
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Fig. 11 Evolution of the studied melts shown in tetrahedron that was
drawn from Fig. 9a. Phase fields are the same as on Fig. 9a
determined by Lee and Wyllie (1998) at 1 GPa (L&W). Represen-
tative composition of the quenched perovskite-hosted silicate melts
and that of the coexisting silicate and carbonate melts are plotted
inside the tetrahedron. For comparison, compositions of carbonate
melt inclusions of Kerimasi calciocarbonatite (Guzmics et al. 2011)
and that of Oldoinyo Lengai natrocarbonatite (Dawson et al. 1990,
1996) also plotted, but on the (FeOr + MgO + MnO)-free plane
because of their low (MgO + FeOr)-content relative to melts in this
study. Arrow-1 shows the melt evolution in this study, whereas

phenocrysts from an erupted ash, in contrast to the plutonic
melt inclusions investigated in this work. These observa-
tions suggest that the melt system studied by Mitchell
(2009) is more oxidized than that studied here. Thus, the
differences in sulfur distribution between the two investi-
gations might be a consequence of the differing behavior of
S in oxidized systems (e.g., as SO427) relative to that
of sulfide (e.g., as Szf) [Carroll and Rutherford, 1985;
Clemente et al. 2004]. Potassium is compatible with the
carbonate melt phase in this study, but incompatible to
carbonate melts analyzed by Mitchell (2009). This can also
be resulted in difference in chemistry of the bulk melt
system together with temperature and pressure of forma-
tion of immiscibility between the two studies.
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arrow-2 does for Kerimasi calciocarbonatite. Dotted lines are
projections of composition of the perovskite-hosted silicate melts
onto the [(NaO + K,0)—(SiO, + Al,O3 4 TiO,)-CaO] plane of
tetrahedron. According to observed compositional change in the
studied melts, Ca-rich carbonate melt could separate from our studied
system with similar composition to melts of Kerimasi calciocarbon-
atite, suggesting their genetic relation. Evolution of the carbonated
nephelinite melt (e.g., open red diamond) could lead up natrocar-
bonatite compositions through Ca-rich carbonate melt compositions,
precipitating firstly afrikandite rock by the silicate melt (Arrow-1) and
then calciocarbonatite rock by the separated carbonate melt (Arrow-2)

Why are most of carbonatites calciocarbonatite?

The majority of carbonatites are calcium-rich (calciocar-
bonatite, sovite, alvikite) compositions rather than dolo-
mitic (rauhaugite and beforesite) or sideritic types
(Heinrich 1966; Tuttle and Gittins 1966; Le Bas 1977; Bell
1989; Mitchell 2005; Wooley and Kjarsgaard 2008). Our
studies of numerous natural silicate and carbonate melts
show significant enrichment of Ca, P and F relative to Mg,
Fer, Mn, Al, Si and Ti in the immiscible carbonate melt
(Figs. 9, 11, 12). We have additionally shown that this is
the case even when the silicate parent of the immiscible
carbonate melt is MgO- and FeOr-rich, and immiscible
sulfide melt is also present (Figs. 4, 5). It is clear that after
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Fig. 12 Calculated distributions for major element between coexis-
ting immiscible silicate and carbonate melts in the quenched (after
heating to 1,050°C) perovskite-hosted melt inclusions. Strong parti-
tioning of Ca, P and F relative to Fer, Si, Al, Mn, Ti and Mg in the
carbonate melt explains Ca-rich nature of the immiscible carbonate
melt. Natural observations (in nepheline-hosted melt inclusions;
Mitchell 2009) and experimental results (on carbonated nephelinite;
Kjarsgaard 1998) are shown for comparison. For further details see
the text. Fer—all Fe as FeO

physical separation of a CaCOs-rich (and alkali-bearing)
carbonatite magma, such as the carbonate melts described
here (Figs. 9, 12), it can precipitate calcite, that is, form a
calciocarbonatite rock (Lee and Wyllie 1997; Kjarsgaard
1998). In our interpretation, in agreement with experi-
mental (Kjarsgaard 1998) and our previous work (Guzmics
et al. 2011), the dominance of calciocarbonatites could
result from calcite fractionation from such immiscible
carbonate magmas. Continued fractionation of calcite will
enrich the residual magma in alkalis and could eventually
produce small volumes of natrocarbonatite (Guzmics et al.
2011).

Possible source of the parent silicate melt
and significance of immiscible sulfide melt

The Mg- and Si-rich melt inclusions found in the perov-
skite and nepheline (Figs. 7, 9, 11) are interpreted as the
most primitive melts in composition of those analyzed in
this work and are essentially carbonated nephelinitic
compositions (Table 7). This type of magma can be
derived from an enriched (metasomatized) mantle that has
some trace of carbonate (King and Sutherland 1960; Wyllie
and Huang 1976; Eggler 1978; Lee and Wyllie 1998; ref-
erences therein). We have shown above that with the
evolution of the silicate melt composition (Figs. 7, 9, 10),
in addition to carbonate immiscibility, saturation with
respect to sulfur was also attained resulting in formation of
sulfide melt phase (Figs. 4, 5). This sulfide melt is extre-
mely low in Ni (up to 0.2 wt. %) (Table 11) compared to
most sulfide melts formed at the onset of basalt—sulfide—
liquid immiscibility or exist in ultrabasic systems (Ander-
sen et al. 1987; Flet and Stone 1990; Szabd and Bodnar

1995). As noted above, olivine fractionation could have
occurred prior to melt entrapment in the early perovskite
and nepheline. However, it is difficult to establish what
process [e.g., relatively low degree of partial melting of an
enriched mantle and/or fractionation process] could result
in such a Ni-poor silicate melt that exsolved a sulfide melt
containing almost no Ni (Table 11). The Fe—Cu-S melt
compositions (Table 11) could be characteristic of sulfide
melts originating by immiscibility from carbonated neph-
elinitic magmas. In this respect, economically significant
copper sulfide deposits occur in alkaline silicate—carbona-
tite complexes, for example, the Phalabowra complex,
South Africa (Groves and Vielreicher 2001) and the
Salmagorskii complex, Kola Peninsula (Korobeinikov et al.
1998). Although no such deposit has been discovered at
Kerimasi, our melt inclusion data (Figs. 7, 8, 9, 11) suggest
that the parental melts of alkaline silicate—carbonatite
complexes are capable of carrying large amounts of sulfur
(Fig. 10) that could be separated as immiscible sulfide
melts (Figs. 4, 5) and, ultimately form Cu-Fe sulfide
deposits. Our work shows that without studying melt
inclusions in the afrikandite, the existence of a sulfide
melts would have not been recognized, demonstrating the
significance of detailed studies of melt inclusions.

Comparison with previous melt inclusion studies
of alkaline silicate—carbonatite complexes

Previous studies have reported natural examples of quenched
coexisting carbonate and silicate melt inclusions in silicate and
carbonatite rocks from various localities (Fig. 13) hosted by (1)
melilite and perovskite (Nielsen et al. 1997; melilitolite,
Gardiner complex); (2) melilite and monticellite (Panina 2005;
olivine melilitite, Krestovskiy massif); (3) olivine (Seifert and
Thomas 1995; olivine melilitite, Elba zone; Rass and Plechov
2000; olivine melilitite, Guli complex); (4) apatite and mag-
netite (Guzmics et al. 2011; calciocarbonatite; Kerimasi).
Although none of these studies demonstrated melt evolution
from a carbonated nephelinite by immiscibility to a Ca-rich and
eventually natro-carbonate melt, the compositional similarities
between our studied silicate melts and those noted above
(Fig. 13) suggest that a common evolutionary process, which
includes silicate—carbonate immiscibility, has occurred at all of
these alkaline silicate—carbonatite complexes.

In a comparison of the melt inclusions from Kerimasi
and Oldoinyo Lengai, it is evident that the carbonate melt
compositions overlap (Fig. 13). Generally, carbonate melts
at Oldoinyo Lengai are more evolved, richer in alkalis and
have lower formation temperatures than melts at Kerimasi
(Fig. 13). Silicate melts from Kerimasi are rich in CaO and
MgO relative to strongly peralkaline combeite wollastonite
nephelinite melts from Oldoinyo Lengai and are essentially
carbonated melilite nephelinites (Fig. 13). These data show
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Fig. 13 Hamilton projection
(Hamilton et al. 1979) of the
quenched silicate and carbonate
melts (n = 138) in the melt
inclusions hosted in co-
precipitated perovskite,
nepheline and magnetite. All of
studied carbonate melts coexist
with silicate melt. For
comparison, composition of
natural immiscible carbonate
and silicate melt inclusions, as
well as experimental data, are
also plotted. Tie-lines connect
the conjugate silicate—carbonate
compositions in this study and
that studied by Kjarsgaard et al.
(1995) and by Mitchell (2009).
Numbers on the lines show
temperatures (in °C) determined
in this study and also by
Kjarsgaard et al. (1995)
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Magnetite-hosted carbonate melt inclusions, Kerimasi calciocarbonatite, Guzmics et al. 2011

Apatite-hosted carbonate melt inclusions, Kerimasi calciocarbonatite, Guzmics et al. 2011

Natural (Oldoinyo Lengai) and experimentally determined immiscible carbonate and silicate melts,
Kjarsgaard et al. 1995

Immiscible carbonate and silicate melts in nepheline-hosted melt inclusions, Oldoinyo Lengai,
Mitchell 2009

Melilite-hosted silicate melt inclusions, Gardiner complex, Nielsen et al. 1997

Melilite- and perovskite-hosted carbonate melt inclusions, Gardiner complex, Nielsen et al. 1997
Melilite- and monticellite-hosted carbonate melt inclusions, Krestovskiy massif, Panina 2005
Olivine-hosted silicate melt inclusions, Elbe zone, Seifert and Thomas 1995

Olivine-hosted silicate melt inclusions, Guli massif, Rass and Plechov 2000

Experimentally produced immiscible carbonate and silicate melts,
Kjarsgaard 1998 (1000°C, 0.5 GPa)

are all capable of  enriched in CaO and depleted in SiO, and Al,Os. This
compositional change was controlled principally by co-
precipitation of nepheline and clinopyroxene. Melt evolu-
tion resulted in immiscibility of three fluid-saturated melts:
an alkali- and MgO-bearing, CaO- and FeO-rich silicate

melt; an alkali- and F-bearing, CaO-, P,Os-rich carbonate

On the basis of homogenization experiments, temperatures
are estimated to be 1,100°C for the early stage of the melt
evolution of the magma forming Kerimasi afrikandite. At
that time, a carbonated nephelinitic magma existed, which
was probably formed by partial melting of a carbonate-
bearing mantle. The compositional evolution of this melt
was determined by study of a statistically significant
number of melt inclusions, entrapped in coprecipitated
perovskite, nepheline and magnetite. The magma became
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melt; and a Cu-Fe sulfide melt at ~1,050°C and crustal
pressures (0.5-1 GPa). Cu—Fe-S melt compositions are
characteristic of sulfide melts originating by immiscibility
from the parental silicate melts of alkaline silicate—car-
bonatite complexes. The distribution of major elements
between perovskite-hosted coexisting immiscible silicate
and carbonate melts show strong partitioning of Ca, P and
F relative to Fer, Si, Al, Mn, Ti and Mg in the carbonate
melt, indicating that immiscibility occurring at crustal
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pressures can be the responsible for the dominance of
calciocarbonatite rocks over Mg- and Fe-rich carbonatites.
The Kerimasi carbonated nephelinite parent magma ex-
solved an immiscible calcium-rich carbonate magma. Low-
temperature natrocarbonatite magmas can be formed by
calcite fractionation from a calcium-rich carbonate magma
(as at Kerimasi) or immiscibility from an evolved strongly
peralkaline nephelinite magma (as at Oldoinyo Lengai).
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