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ABSTRACT

The goal of this study is to compare compositions of high temperature silicate-carbonatite immiscible
melts, known from melt inclusions and experiments, to compositions of silica-undersaturated volcanic
rocks from continental settings, in order to improve understanding of the formation of calcite carbonatite
rocks worldwide. Melt inclusions in this study are abundant in perovskites crystals from magnetite-
perovskite cumulates sampled at the Kerimasi volcano in the East African Rift System. The temperature
of complete dissolution of daughter minerals in the melt inclusions and the high CO,—content of the sil-
icate melt (5.4-9.8 wt%) support early formation of the rock and entrapment of melts at high tempera-
tures (~1100 °C) and pressures (>1 GPa). Heated-quenched melt inclusions indicate the presence of
immiscible mafic-melilitite and Ca-Na-K-carbonatite melts together with a fluid phase at entrapment.
Melilitite melts are low in SiO, (29.4-33.5 wt%), moderate in MgO (4.0-5.9 wt%) but high in CaO
(16.3-24.4 wt%), FeO" (9.0-13.5 wt%), Na,0 (6.8-12.7 wt%) and K,0 (1.8-3.2 wt%). Coexisting carbonatite
melts also show high CaO-content (28.4-39.0 wt%), along with moderate-to-high Na,O (8.2-20.2 wt%) +
K,0 (4.1-6.6 wt%) compositions (total alkalis ranges between 13.1 and 24.3 wt%).

We compared the studied silicate melts in the inclusions with a global dataset of 146 continental melil-
itite and 640 nephelinite compositions (GEOROC database). We argue that the studied calcite-saturated
melilitite melts formed in a continental rift setting and were able to exsolve carbonatite melts that crys-
tallized voluminous calcite carbonatite rocks during their evolution. In contrast, magnesian melilitite and
nephelinite volcanic rocks from intracontinental settings are compositionally far away from any immis-
cibility field at feasible pressures and were only able to unmix carbonatite melts during late-stage evo-
lution, leaving little opportunity for calcite crystallization. CaO- and alkali-rich, but extremely SiO,-
undersaturated melilitite melts play a key role in early silicate-carbonatite immiscibility, can only be pre-
served in melt inclusions and cannot be represented by volcanic rocks. The parental melts of the studied
melilitite-carbonatite melts probably formed via low-degree partial melting of modally metasomatized
continental lithosphere.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Weidendorfer, 2018). The commencement of the rifting process
is usually accompanied by a low-volume magma stage character-

Continental rift systems and to a lesser extent oceanic hotspots
impinging on lithosphere >100 km thick typically produce alkali-
rich, undersaturated silicate magmas (Le Bas, 1980; Schmidt and
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ized by primitive silica-undersaturated melts, such as melilitites
or nephelinites (e.g., Dasgupta et al., 2013). These melts form via
relatively low degree partial melting at high pressure (p) in the
lithospheric upper mantle (about 27-30 kbar, Brey, 1978), with
significant CO, in their source (up to 5 wt%, Brey, 1978;
Dasgupta et al., 2007; Tappe et al., 2007). The latter enhances the
probability of subsequent carbonatite melt exsolution from the
evolving melilitites and nephelinites (Guzmics et al., 2012; Lee

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2023.03.027&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gca.2023.03.027
http://creativecommons.org/licenses/by/4.0/
mailto:berkesi.marta@epss.hu
mailto:justine1@gamma.ttk.pte.hu
mailto:justine1@gamma.ttk.pte.hu
mailto:greg.yaxley@anu.edu.au
mailto:tibor.guzmics@gmail.com
https://doi.org/10.1016/j.gca.2023.03.027
http://www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca

Marta Berkesi, J.L. Myovela, G.M. Yaxley et al.

and Wyllie, 1998). Even though they are less voluminous than
alkali basalts at higher degree of partial melting during later stages
of rifting, intracratonic melilititic melts are potential parental
melts of silicate-carbonatite immiscible liquids. Silicate-
carbonatite immiscibility is a crucial process that precedes the
crystallization of most carbonatites on the planet (Yaxley et al.,
2022). Carbonatite melts are not preserved in the geological record
(Guzmics et al., 2011; Weidendorfer et al., 2017), therefore melt
compositions and the processes of silicate-carbonatite liquid
immiscibility can only be inferred from (1) experimental (e.g.,
Anenburg et al.,, 2020; Brooker and Kjarsgaard, 2011; Lee and
Wyllie, 1997, 1998; Weidendorfer et al., 2017) and (2) melt inclu-
sion studies (e.g., Berkesi et al., 2020; Guzmics et al., 2019; Mitchell
2009; Panina and Stoppa 2009; Potter et al 2017; Seifert and
Thomas, 1995; Sharygin et al., 2012; Solovova et al., 2006;
Veksler and Lentz, 2006).

Iron-titanium oxides are common liquidus mineral phases in
SiO,-undersaturated magmas related to carbonatite petrogenesis
(Veksler and Teptelev, 1990; Veksler, et al., 1998; Guzmics et al.,
2012). Owing to its early crystallization, perovskite (CaTiO3) not
only can form accumulations at plutonic depths in the magma
chamber, but also it can entrap a high number of the melt droplets
from which it crystallized. Perovskite is known to be an excellent
host for melt inclusions, due to its stability both mechanically
and chemically, allowing high temperature quenching experiments
without decrepitation (Guzmics et al., 2012; Nielsen et al., 1997),
although contamination effects on isotopic compositions may
occur (Tappe and Simonetti, 2012).

In this study, we aim to better understand early-stage melilititic
silicate-carbonatite liquid immiscibility at high p and T by the
investigation of primary melt inclusions hosted in perovskite-
bearing cumulates from Kerimasi volcano in east Africa. The study
area (East African Rift System-EARS) is a recent continental rift sys-
tem and igneous rocks from Kerimasi, and other volcanoes indicate
silicate-carbonatite immiscibility. Based on experimental results
and field observations, previous melt inclusion studies indicated
melilititic compositions for parent melts before immiscibility at
the rifting environment of circum-cratonic lithosphere (Church,
1995; Dawson, 2008). Melilitite melts form in the upper mantle
(peridotite source rock) through low degree partial melting and
require CO, (or carbonate) in the source (Alibert et al., 1983;
Brey, 1978; Green, 2015; Ivanikov et al., 1998; Foley and Pintér,
2018; Keller et al., 2006; Wilson et al., 1995; Yaxley et al., 2022).
This detailed melt inclusion study demonstrates high p-T condi-
tions for the silicate-carbonatite liquid immiscibility in the studied
rock. We clarify the compositional characteristics of the parental
liquid which may enhance or preclude the occurrence of immisci-
bility. Finally, we compare the origin of our studied melilitite melt
(and conjugate carbonatite) composition with continental intra-
plate melilitite and nephelinite volcanic rocks and discuss the
implications for their formation conditions.

2. Geological setting

The East African Rift System (EARS) is an active rift zone which
is generally considered as the classical example of a continental rift
system. Formation of the EARS started in the northern part of
Africa (Afro-Arabian Dome) during Miocene and then propagated
to the south. Along the southward direction, the EARS is divided
into two branches, namely the eastern and western rifts. The for-
mer is also known as the Gregory Rift and is situated at the bound-
ary between the thick and stable Tanzania Craton and the thinner
and more elastic Mozambique Orogenic belt (Dawson, 2008). The
Tanzania Craton separates the western rift and Gregory rift of the
EARS.
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With some rare exceptions, volcanoes of northern Tanzania sur-
round and overlie the metamorphic basements of the Mozambique
Orogenic belt. The Gregory Rift is associated with older and
younger volcanic products (Guest, 1953), where the extrusive sili-
cate rocks of the younger volcanic products, including the study
area (Oldoinyo Lengai, Kerimasi, Meru and Hanang), are character-
ized by alkaline rocks, i.e., nephelinites and phonolites (Dawson,
2008; Guest, 1953). Alkaline and silica-undersaturated magmas,
such as melilitites and nephelinites are common in the Earth’s con-
tinents and, frequently associated with carbonatites (Fig. 1). They
occur typically (1) at the propagating tip and (2) on the flanks of
the rift (Williams, 1982). Along the rift zone, the within-rift
sequences show a decrease in silica undersaturation with time
and the melt composition upon the further progress of the rifting
becomes silica-saturated at the rift axes (Macdonald, 2003).

Plutonic rocks in the southern part of the Gregory Rift include
ijolite, carbonatite and pyroxenite, occurring as blocks or bombs
in pyroclastic tuffs (Dawson, 2008).

Kerimasi is an extinct stratovolcano which last erupted between
about 1.1-0.4 Ma ago (Hay, 1976; Macintyre et al., 1974). It is
located in eastern part of Gregory Rift valley in northern Tanzania,
about 12 km away from Oldoinyo Lengai (OL). OL is Earth’s only
active carbonatite volcano that periodically erupts natrocarbonatite
melts in contrast to all other carbonatite rocks in the geological
record which are calcite and dolomite rich (Hay, 1983).

Church (1995) proposed that the primitive magma of Kerimasi
volcano was olivine nephelinite, which underwent fractional crys-
tallization and cumulus processes (Dawson et al., 1995; Dawson,
2008). According to Dawson (2008), the primary magma of Keri-
masi volcano produced cumulate rocks such as ijolite. In addition,
Kerimasi volcano has extrusive and intrusive silicate rocks with the
latter occurring as xenoliths (Church, 1995). Intrusive rocks of Ker-
imasi volcano are mainly ijolite, pyroxenite, uncompahgrite,
afrikandite and calcite carbonatite (Church, 1995; Guzmics et al.,
2011, 2012; Kaldos et al., 2015).

3. Sampling and methods

We collected 15 magnetite-perovskite cumulate rock samples
in 2016 from southeast slopes of Kerimasi Volcano, Tanzania. The
rocks occurred as xenoliths 5-8 cm in size, embedded in volcanic
tuff with a typically iridescent blue color. Petrographic study was
conducted using a Nikon ECLIPSE LV100 polarization microscope
equipped with Nikon DS-Fil camera. For a detailed melt inclusion
study, one representative xenolith was chosen. Perovskite grains
(n ~ 150) were handpicked from the rock for subsequent furnace
experiments.

Heating-quenching experiments were conducted using a Carl-
Zeiss Jena high temperature (1 atm) furnace, based on the proce-
dures described by Guzmics et al. (2012), to reproduce the trapped
melt phases. Temperatures used in the experimental runs were
1050 °C and 1100 °C with an uncertainty of +20 degrees Celsius.
The heating rate was 20-30 degrees Celsius/min. Heated per-
ovskites with their melt inclusions were then quenched with a rate
of 300-350 °C/s. Al,03 polishing powder—oil suspension was used
to expose the quenched melt inclusions for SEM-EDS analyses. After
exposure, the perovskites and their melt inclusions were immersed
in oil to prevent alteration of carbonatite melts by the humid air.

In order to obtain the major element composition of the rock-
forming minerals and quenched melt phases (Figs. 2 and 3), a
Quantax75 EDS-SDD in combination with a Hitachi TM4000Plus
microscope was used at the Faculty of Science Research and Instru-
ment Core Facility of E6tvos University, Budapest (ELTE FS-RICF).
The beam current for melt and mineral analyses was 200 pA and
2nA, respectively, with 15 KV acceleration voltage. Oil was
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A melilitite, carbonatite associated

A melilitite, no carbonatite association is found

m nephelinite, carbonatite associated

O nephelinite, no carbonatite association is found
Ostudy area

Fig. 1. World map showing the location of the study area (yellow circle - Kerimasi) and the locations of continental melilitite (red triangle) and nephelinite (blue square)
volcanic rocks, which are associated with carbonatites (blue squares, red triangles and yellow circles). Empty symbols (square and triangle) indicate only silicate rocks
(melilitite or nephelinite) on the location, where no information is available about any associated carbonatite rock. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Representative macro-and microscopic view of the melt inclusions and their enclosing rocks. (A) Stereomicroscopic image showing a typical appearance of the rocks
studied, B-C reflected light view; (B) shows the cumulate structure of the selected rock with major magnetite (Mgt) and the melt-inclusion (MI)-hosted in perovskite (Prv) as
rock forming minerals. (C) shows the high abundance and primary character of the unheated melt inclusions from core to rim, as well as minor phlogopite. (D) back-scattered
electron image showing the unheated inclusions in perovskite, including magnetite, calcite (Cc) and clinopyroxene (Cpx), co-entrapped with the melt inclusions. Phl-
phlogopite.

removed from the grains using a soft tissue right before analyses of and synthetic standards were used for instrument calibration,
melt inclusions without using water. Duplicate measurements on and ZAF corrections were applied.

the quenched melt phases did not show compositional variation, Raman spectroscopy was carried out at the Research and Indus-
which indicates no Na vaporization during the analyses. Natural trial Relation Center of the Faculty of Science, E6tvos University
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hole
(fluid)

Fig. 3. Back-scattered electron images of perovskite (Prv)-hosted exposed melt inclusions (MI) (A) Image of a perovskite then entrapped melt inclusion and calcite in the
same crystal growth zone. Unheated sample. (B-F) Exposed and heated-quenched melt inclusions (run 1100 °C) showing immiscible melilitite (represented by glass) and
carbonatite melts. The wide relative volume percentages of glass, quenched carbonatite melt and holes (represent a former fluid phase) show the coexistence of these phases

at entrapment.

(ELTE-FS-RICF), Budapest. The measurements were taken using
confocal HORIBA Labram HR (800 mm) microspectrometer
equipped with Nd-YAG laser with 532 nm excitation wavelength,
1800 grooves/mm optical grating and the width of the confocal
pinhole used was 50-200 pm. During the measurements, the
acquisition time was 5-50 s using objectives of 10x, 50x and
100x. The lateral size of the laser spot was 1.2 pum, depth of reso-
lution was 1.7 pm using 50 pm size confocal hole and 100x objec-
tive. The laser power at the source and surface were 130 mW and
approximately 50 mW, respectively. The analysis was conducted
with a spectral resolution of 0.7 cm~! at 1398.5 cm™~! which was
the full width at half maximum of one neon line. Dissolved CO,-
concentrations in the quenched silicate melts were calculated
using the method of Morizet et al. (2013).

4. Petrography
4.1. Host rock
The collected rock samples have cumulate textures (Fig. 2a-b)

and consist of massive magnetite (~60-80 vol%) and randomly dis-
tributed perovskite (~20-35 vol%). Phlogopite, calcite and clinopy-
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roxene constitute less than 5 vol% (Fig. 2b-c). The majority of
perovskites are subhedral to euhedral (40-3000 pm). All euhedral
perovskites are rich in melt inclusions from core to rim (Fig. 2c-d).
Phlogopite and clinopyroxene are subhedral to anhedral
(30-1100 pm) and evenly distributed in the rocks (Fig. 2c).

4.2. Melt and mineral inclusions

Unheated perovskite-hosted melt inclusions are both irregular
and negative crystal shaped, and are randomly distributed within
the crystals (Fig. 2b-d). We therefore interpret them to be primary.
The size of the melt inclusions varies from 5 to 100 um. The silicate
melt phase inside the inclusions is glassy, whereas the carbonatite
melt phase consists of crystal-aggregates of carbonates. Daughter
minerals are calcite, apatite, nyerereite and minor sulfates in the
carbonatite (Fig. 5b). Micrometer sized daughter minerals of
clinopyroxene often occur in the silicate glass. Perovskite hosts cal-
cite, clinopyroxene and magnetite mineral inclusions (Fig. 2d).
Fig. 3 shows the perovskite-hosted melt inclusions after quench-
ing. Run products at 1050 and 1100 °C are (1) silicate melt
(quenched as glass), (2) carbonatite melt (quenched as
sub-micron crystallized assemblage), and (3) holes representing a
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former fluid phase that was lost during melt inclusion exposure.
Carbonatite melt typically forms a rounded droplet shape and is
surrounded by silicate melt (Fig. 3b-f). The contact between these
melts is clearly a meniscus, indicating immiscible melt phases at
the run temperatures. The quenched silicate melt, carbonatite melt
and holes (fluid) in the perovskite-hosted melt inclusions have
shown wide range of their volume proportions. At 1050 °C, the
quenched melt inclusions often contained calcite and clinopyrox-
ene that were not completely dissolved into the melts during
experiment. At 1100 °C, we detected that all daughter minerals
were dissolved into the melts. Nonetheless, calcite, clinopyroxene
and magnetite still existed as mineral inclusions in 1100 °C run.

5. Major element geochemistry
5.1. Rock forming minerals

Tables 1 and 2 show the compositions of rock-forming minerals.
Magnetite (Table 1a) has uniform composition (all in wt%) of FeO"
(75.0-76.3). It is TiO,-rich (11.7-12.2), moderate in MgO (3.5-4.0)
and Al,03 (2.7-4.1) and low in Cr,03 (<0.1). Based on end-member
calculations, it is a solid solution of (all in mole %) magnetite
(Fe304, 42.3-44.7), ulvospinel (Fe,TiO4, 32.2-33.4), magnesiofer-
rite (MgFe,04, 12.0-15.0), spinel (MgAl,04, 5.7-8.8), jacobsite
(MnFe,04, 1.7-2.5) and chromite (CrFe;04, <1.2). Perovskite has a
nearly stochiometric composition of CaTiO3 (Table 1b) with minor
contents (all in wt%) of FeO' (<2.7), Na,0 (0.3-0.7), Nb,0s (0.4-
1.8), SrO (up to 0.4), MnO (<0.3) and Al,05 (<0.3). Mica is phlogo-
pite with uniform composition (Table 2a) of (all in wt%) MgO
(18.7-19.7), Al,03 (15.5-17.0) and K,O0 (8.7-9.5). It is moderate
in FeOT (10.1-12.1) and TiO, (2.4-3.5) and contains minor Na,0
(0.8-1.1); F and Cl were not detected. Phlogopite H,O content
was calculated to be 4.0-4.1 wt% (Table 2a). Phlogopite shows ele-
vated Al-content (2.7-2.8 atoms per formula unit when normal-
ized to 22 oxygens) balancing the Si-deficit in the tetrahedral
position, compared to phlogopites in ijolites and nephelinites
(Dawson and Smith, 1992; Sekisova et al., 2015). Clinopyroxene
is rich in diopside component (Table 2b) with CaO and MgO con-
tent of 23.0-23.9 and 12.3-14.7 wt¥%, respectively. Besides, it has
moderate Al,Os-content (3.1-6.1 wt%); in contrast to its low
Cr,03-content (up to 0.3 wt%). CaO-content of calcite varies
between 52.1 and 54.7 wt%, with SrO content between 0.7 and
3.1 wt% (Table S1).

5.2. Composition of heated-quenched perovskite-hosted melt
inclusions

Table 3 shows the composition of coexisting silicate and car-
bonatite melts (appearing in the same melt inclusions); all silicate
glass and quenched carbonate melt compositions are summarized
in Table S2 and S3. In general, FeO" and Al,O; mostly concentrates
in silicate melt, whereas CaO is mainly in the carbonatite melt.
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Therefore, negative correlation on plots of FeO" vs Al,03, and pos-
itive on CaO vs FeO" in the silicate glass indicates minimal contam-
ination of the carbonatite melt in the silicate melt compositions
(Figure S1). A significant characteristic of silicate melts is the very
low (all in wt%) SiO, (29.4-33.5, Fig. 4) and the high CaO (16.3-
24.4) contents (Table 3 and S2). On the total alkali - silica (TAS)
diagram, they plot in the foidite compositional field (Fig. 4). In
addition, silicate melts are elevated in Na,O (6.8-12.7), K,O
(1.8-3.2), FeO" (9.0-13.5), moderate in Al,O0s; (5.6-10.4), TiO,
(2.2-3.8), MgO (4.0-5.9) and P,0s5 (1.0-1.7). Peralkalinity index
[(Na,0 + K,0)/Al,03, molar] ranges between 1.7 and 3.3; whereas
mg# [MgO/(MgO + FeO"), molar] varies between 35.1 and 52.5.
Carbonatite melts are high in (all in wt%) CaO (28.4-39.0),
moderate-to-high in Na,0 (8.2-20.2) + K,0 (4.1-6.6) compositions
(total alkalis ranges between 13.1 and 24.3), P05 (3.0-5.7) and
low in FeO" (0.7-2.6), SiO5 (1.2-2.9), MgO (1.0-2.6), but moderate
in Cl (<2.3), F (<£1.8), BaO (<0.9) and SrO (<0.9) (Table 3 and S3).

Silicate glass in both unheated and heated-quenched melt
inclusions were analyzed to determine the effect of possible H,0
loss (e.g., Bakker and Jansen, 1994) during furnace experiments
(Fig. 3). Interestingly, no Raman band of H,0 in glass was detected
either in unheated or in heated-quenched inclusions, which cer-
tainly indicates no or very low water-contents (below detection).
For comparison, Guzmics et al. (2019), using the same instrument
and parameters revealed H,O-contents as low as 0.02 wt% in sili-
cate glass. We can therefore state that silicate glass in our melt
inclusions contains <0.02 wt%. In addition, the H,O -poor charac-
teristic of unheated melt inclusions proves that H,O has not been
lost during heating experiments, therefore, and can be treated as
indicative of the original H,O -content of the silicate melt at
entrapment. CO,—content varies between 6.0-9.8 wt% and 5.4-
9.1 wt% in the unheated and heated-quenched silicate glasses,
respectively (Table 3, Fig. 5a).

6. Discussion
6.1. Origin of the magnetite-perovskite cumulates

Magnetite-perovskite cumulates are known to form potential
Fe-Ti ores that can be related to dunites, clinopyroxenites, carbon-
atites and kimberlites (Potter et al., 2018). Although Knipping et al.
(2019) have recently revealed a model including magnetite floating
along with degassing H,O-rich fluid bubbles and reaching the
upper part of the magma chamber, this scenario in our case is unli-
kely, as degassing fluid compositions are expected to be rather
CO,-rich (Guzmics et al., 2019) instead of aqueous. We rather pro-
pose that the main driving force of the accumulation of magnetite
and perovskite, owing to the high density of these oxide minerals
relative to the magma and rock-forming silicate minerals, was
gravitational settling to the bottom of the magma chamber of the
investigated rock. The high abundance of primary melt inclusions
enclosed in the perovskites (Fig. 3b-f) indicates that this mineral

Table 1a

Composition of magnetite, Kerimasi magnetite-perovskite cumulate, Tanzania (wt%).
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
TiO, 12.0 12.0 121 12.0 12.2 12.2 121 12.1 121 11.8 12.0 12.0 121 121 11.7 12.0
Al,03 32 3.1 3.1 4.1 3.1 2.9 3.2 33 3.0 3.0 3.0 2.8 2.7 2.8 29 2.9
Cry04 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
V505 0.3 0.4 0.1 0.0 0.3 0.3 0.1 <0.1 <0.1 0.2 <0.1 0.3 <0.1 0.3 <0.1 0.2
FeOQT 75.3 75.3 75.5 75.0 75.2 75.8 754 75.3 75.5 76.0 75.9 76.0 76.3 75.9 76.3 76.2
MnO 0.7 0.7 0.6 0.5 0.6 0.6 0.6 0.6 0.7 0.8 0.6 0.6 0.5 0.6 0.7 0.6
MgO 39 3.9 4.0 3.8 4.0 3.7 4.0 39 3.9 3.6 3.7 3.7 3.6 3.7 3.6 35
Total 95.4 95.4 95.3 95.5 95.4 95.4 95.3 95.2 95.2 95.4 95.2 95.4 95.2 95.4 95.2 95.4

FeOT - all Fe expressed as FeO.
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Table 1b

Composition of perovskite, Kerimasi magnetite-perovskite cumulate, Tanzania (wt%).
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
TiO, 54.5 54.2 56.2 56.2 56.3 57.1 55.0 55.9 56.6 55.7 56.8 56.9 57.0 55.8 57.0 55.0
Al,05 <0.1 0.2 0.2 0.3 0.3 0.2 <0.1 0.2 0.2 0.2 0.3 0.3 0.3 0.2 0.2 0.3
FeO" 2.6 2.7 1.5 1.5 13 1.1 13 0.9 1.2 1.1 1.2 1.0 1.1 1.3 1.7 1.5
MnO <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SrO 0.2 0.3 0.2 0.2 0.2 <0.1 0.3 0.3 0.3 0.2 0.2 0.2 0.4 0.2 0.3 0.3
Cao 375 36.9 389 383 38.1 39.2 38.1 37.9 38.6 383 38.2 384 38.7 383 38.1 38.0
Na,O 0.6 0.7 0.3 0.4 0.5 0.3 0.3 0.4 0.4 0.5 0.4 0.5 0.4 0.4 0.5 0.3
Nb,0s5 0.8 1.8 0.4 0.8 0.5 0.8 0.5 0.6 0.9 0.7 0.5 0.6 0.8 0.7 0.7 0.6
Total 96.3 96.7 97.6 97.7 97.2 98.7 95.7 96.1 98.2 96.7 97.7 97.8 98.7 96.9 98.5 95.8

Table 2a

Composition of phlogopite, Kerimasi magnetite-perovskite cumulate, Tanzania (wt%).
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Si0, 36.1 35.6 358 35.0 358 36.2 358 35.7 359 35.7 36.3 36.2 355 354 36.0 35.8
TiO, 24 3.5 3.0 3.5 31 34 2.9 2.7 2.9 3.0 2.7 3.0 31 3.5 3.0 3.2
Al,04 16.4 16.4 16.0 15.7 16.0 15.8 16.1 17.0 16.0 16.0 16.3 16.1 15.9 15.5 15.9 15.7
FeO" 103 109 111 11.6 109 111 10.8 10.1 10.8 10.7 10.5 109 111 12.1 10.7 113
MnO <0.1 <0.1 <0.1 0.3 <0.1 0.2 0.2 04 0.2 0.2 0.2 0.2 0.2 <0.1 <0.1 <0.1
MgO 19.6 194 19.2 18.9 19.2 18.7 19.3 19.7 19.2 19.1 19.5 18.8 19.0 18.7 19.2 18.8
Cao 0.2 <0.1 <0.1 0.2 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
BaO 11 0.2 0.6 0.7 0.6 0.8 1.0 0.5 0.6 0.9 0.6 0.6 0.8 0.6 0.8 0.8
Na,O 1.0 0.9 1.0 0.8 1.1 0.9 1.0 0.9 0.9 0.9 1.0 0.9 0.9 0.8 0.9 0.9
K;0 8.9 8.9 8.9 9.0 8.7 8.9 9.0 8.7 9.4 9.4 8.8 9.2 9.1 9.3 9.5 9.3
Total 96.0 95.9 95.8 95.7 95.7 96.0 95.9 95.7 96.0 95.9 95.9 95.9 95.8 96.1 96.1 959
Mw (H,0) 4.1 4.1 4.1 4.0 4.1 4.1 41 41 41 41 4.1 41 4.1 4.0 4.1 4.1

Mw (H,0) - calculated H,O content.

Table 2b

Composition of clinopyroxene. Kerimasi magnetite-perovskite cumulate. Tanzania (wt%).
No. 1 2 3 4 5 6 7 8 9 10 11 12
SiO, 47.2 46.3 46.8 46.3 47.5 471 49.1 48.3 49.3 47.4 50.4 47.1
TiO, 2.5 24 24 2.7 23 2.6 19 2.0 1.8 2.6 1.7 24
Al,04 5.6 5.9 5.7 6.1 48 5.8 4.0 4.5 3.8 5.8 31 5.8
Cr,03 0.3 <0.1 <0.1 0.3 0.2 <0.1 0.2 <0.1 0.2 <0.1 <0.1 <0.1
FeO" 7.3 7.6 7.6 7.8 7.0 7.5 6.4 6.6 6.0 7.2 5.5 7.3
MnO <0.1 <0.1 0.2 <0.1 <0.1 <0.1 0.2 0.2 <0.1 <0.1 0.2 0.2
MgO 129 123 12.6 123 131 12.5 13.7 13.8 14.2 13.0 14.7 12.9
Ca0 23.0 235 23.2 23.2 239 232 23.6 23.8 23.6 23.1 23.7 23.0
Na,O 0.7 0.8 0.7 0.7 0.5 0.7 0.5 0.5 0.6 0.6 0.5 0.7
Total 99.5 98.8 99.1 99.2 99.3 99.4 99.6 99.5 99.3 99.6 99.6 99.3

FeO all Fe expressed as FeO.

was a liquidus phase with no visible evidence of secondary textural
changes. The random occurrence of magnetite, calcite and clinopy-
roxene crystal inclusions co-entrapped with melt inclusions in per-
ovskite (Fig. 2d) indicate the co-crystallization of these mineral
phases. The relatively high temperature (~1100 °C) of the dissolu-
tion of daughter minerals in perovskites-hosted melt inclusions
also supports their early crystallization. Heated-quenched
perovskite-hosted melt inclusions (Fig. 3) contain immiscible sili-
cate and carbonatite melts together with a fluid phase in highly
variable proportions. This phase-proportional characteristic clearly
shows the presence of fluid-saturated and immiscible silicate-
carbonatite melts during precipitation of perovskites studied, as
has been described in previous papers (Guzmics et al., 2012;
Kaldos et al., 2015; Sekisova et al., 2015).

6.2. Liquid immiscibility in silicate-carbonatite petrogenesis

Three quarters of global carbonatite rocks are spatially and tem-
porally associated with alkaline silicate rocks, such as melilitites,
nephelinites and syenites (Yaxley et al., 2022), which indicates that
silicate-carbonatite liquid immiscibility is a basic formation mech-

anism of most carbonatite rocks. The overwhelming majority are
calcite carbonatites (Weidendorfer et al., 2017; Wei et al., 2020).
Therefore, understanding silicate-carbonatite  immiscibility
together with the formation of CaCOs-rich carbonatite melts (able
to precipitate voluminous calcite) is crucial to deciphering where
and how the calcite carbonatites derive and evolve.

The low SiO, together with high carbonate and alkali contents in
silicate melts are thought to be key factors enabling intersection of
a silicate-carbonatite two-liquid field (Yaxley et al., 2022 and refer-
ences therein). For example, Schmidt and Weidendorfer (2018)
showed that the only two known oceanic islands (Cape Verde and
the Canary Islands) with carbonatites, contain associated primitive
basanites with the lowest SiO, (38-42 wt%) and highest total alkalis
(4-5 wt%) within 17 oceanic islands worldwide. These two oceanic
islands are underpinned by the thickest lithospheres, resulting in an
increase of p of melt formation that further enhances the CO, solu-
bility in silicate melts. All these factors increase the chance for
immiscibility, that has also been experimentally proven using ocea-
nic volcanic rocks as starting material (Weidendorfer and Asimow,
2022). However, we show below that in intracontinental settings
especially in rift zones, the primitive melt compositions, the p
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Composition of coexisting immiscible silicate (silm) and carbonatite (cbm) melts in perovskite-hosted melt inclusions quenched after heating to 1050 °C, Kerimasi magnetite-

perovskite cumulate, Tanzania (wt%).

1050 °C
silm2_1 cbm2_1 silm5_1 c¢bm4_2 silm5_2 cbm4_1 silm9_1 cbm5_1 silm9_2 cbm5_2 silm10_1 cbm6_1

Si0, 30.9 24 31.1 1.9 322 29 333 2.2 32.1 24 31.2 2.5
TiO, 35 03 2.5 03 2.6 03 2.9 03 24 0.3 2.8 0.4
Al,03 8.7 n.d. 9.8 n.d. 9.7 n.d. 10.2 n.d. 9.8 n.d. 10.2 n.d.
FeO" 133 1.0 9.3 0.9 10.1 2.0 9.4 1.2 10.5 1.5 9.3 1.2
MnO 0.2 <0.1 <0.1 <0.1 0.2 <0.1 0.2 <0.1 0.2 n.d. 0.2 0.2
MgO 4.2 2.1 5.2 2.1 5.4 2.6 5.0 2.1 4.5 2.1 5.4 1.6
SrO n.d. 0.5 0.2 0.7 <0.1 0.8 n.d. 0.9 0.3 0.6 n.d. 0.2
Ca0 219 30.7 189 29.3 20.1 29.1 19.4 323 19.2 33.1 17.4 29.5
BaO 0.2 0.3 0.6 0.5 0.6 n.d. 0.4 n.d. 0.2 0.3 0.2 n.d.
Na,0 8.1 17.5 113 18.8 9.7 17.3 9.9 15.7 10.2 14.3 12.7 17.8
K0 2.6 4.1 2.0 45 1.8 4.2 2.3 45 23 4.6 1.9 6.1
P,05 1.2 43 1.1 3.8 14 4.4 1.5 5.0 1.2 4.8 1.1 3.9
F 0.2 03 03 0.8 03 0.7 0.4 0.8 0.3 0.4 0.2 0.3
SO3 1.1 n.d. 1.2 <0.1 1.5 0.2 0.8 n.d. 1.3 n.d. 0.7 2.6
Cl 0.2 03 <0.1 0.8 <0.1 0.7 <0.1 1.1 0.2 1.0 <0.1 2.3
Total 96.3 63.8 93.7 64.5 95.7 65.2 95.7 66.0 94.6 65.6 93.4 68.4
CO,, calculated 36.2 35.6 34.8 34.1 34,5 31.6
Na,0 + K,0 10.7 21.6 133 233 115 21.5 12.2 20.2 12.4 189 14.6 23.9
Pl 1.8 2.1 1.8 1.8 2.0 23
mg# 35.7 499 49.0 48.8 434 50.7

Table 3b

Composition of coexisting immiscible silicate (silm) and carbonatite (cbm) melts in perovskite-hosted melt inclusions quenched after heating to 1100 °C, Kerimasi magnetite-

perovskite cumulate, Tanzania (wt%).

1100 °C

silm1_2 cbm1_1 silm2 cbm8 silm5 cbm11 silm7 cbm21 silm8 cbm24
Si0, 29.9 24 31.0 2.4 314 2.1 30.7 14 29.5 1.9
TiO, 3.8 0.5 34 0.5 3.8 0.5 34 0.5 3.1 0.5
Al,O3 8.1 n.d. 7.6 n.d. 9.5 n.d. 8.5 n.d. 7.8 n.d.
FeO" 12.5 2.0 10.9 1.9 11.1 24 113 1.5 13.5 2.2
MnO 0.2 n.d. 0.2 n.d. 0.3 n.d. 0.3 n.d. 0.4 n.d.
MgO 4.6 1.2 5.6 2.5 5.0 1.6 4.7 1.3 4.6 1.2
SrO n.d. 0.7 0.2 0.7 0.2 0.9 n.d. 0.8 <0.1 04
Ca0 24.2 39.0 20.9 333 213 32.1 22.5 32.7 24.4 37.8
BaO 0.2 n.d. 0.5 0.2 n.d. 0.5 n.d. <0.1 0.5 0.9
Na,O 7.3 8.2 9.5 13.1 9.0 14.0 8.1 15.3 6.8 10.3
K,0 2.6 49 2.1 4.8 2.1 4.8 24 55 2.6 4.6
P,05 1.2 3.9 1.6 4.2 1.2 3.5 1.1 5.5 1.3 3.0
F <0.1 0.2 0.4 1.5 0.2 0.2 03 0.8 0.3 1.8
SO5 1.0 03 1.2 0.4 1.5 0.8 1.0 0.2 0.8 n.d.
Cl <0.1 0.9 <0.1 0.2 0.2 0.5 <0.1 0.3 0.2 1.0
Total 95.7 64.1 95.3 65.8 96.6 63.8 94.4 65.9 95.5 65.6
CO; calculated 36.0 34.2 63.8 34.1 344
CO, analyzed 9.1
Na,O0 + K,0 9.9 131 11.6 17.9 11.1 18.8 10.5 20.7 9.4 149
PI 1.8 24 1.8 1.9 1.8
mg# 39.5 47.8 44.5 42.7 37.6

PI - peralkalinity index = (Na,0 + K,0)/Al,05 molar, mg# - Mg0O/(MgO + FeO") molar, n.d.-not detected, CO, calculated represents

difference to 100, CO, analyzed represents data calculated from Raman analyzes.

and T of immiscibility are generally different from those considered
in oceanic settings. The 29-34 wt% SiO,-content of the perovskite-
hosted silicate melts (Table 3, Table S2) indicates extreme silica
undersaturation, accompanied by high carbonate- (5.4-9.1 wt%),
total-alkali- (8.5-15.9 wt%, where Na,0 = 6.7-12.7 wt% K,0 = 1.
8-3.2 wt%) and medium MgO- (4.0-5.9 wt%) contents (Table S2).
These silicate melts can be defined as CaO-rich (16.3-24.3 wt%)
and mafic, larnite-normative melilitite because their normative
compositions include high melilite and lesser larnite, olivine, per-
ovskite, nepheline and diopside. Similar melilite-normative,
sodium-rich melts are characteristically formed through low-
degree partial melting of mantle (1-3%, Green, 2015 and their ref-
erences therein) at relatively high p (>3 GPa, Yaxley et al., 2022,
Baudouin and Parat, 2020). Besides, experimental works discovered
that low-degree partial melting of upper mantle peridotites at
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around 2-3 GPa produces melilitite melts only when there is signif-
icant amount of CO, (and subsequently H,O) in the source (Brey,
1978; Foley and Pintér, 2018). Pintér et al. (2021) demonstrated
that incipient melt in upper mantle peridotites is CO,-rich. CO, sol-
ubility in melilitite melts, generally increases with increasing p,
achieving a concentration of ~9 wt% at 3 GPa (Brey and Green,
1976). Carbon-dioxide, once it dissolves into the low-silica melt,
will form CO%~ anions (Ni and Keppler, 2013; Moussallam et al.,
2016). This is also evidenced in studied melilitite melts showing
5-9 wt% dissolved CO, (Table S2, Fig. 5a), which can be explained
by their formation at high p (~2-3 GPa). The composition of the
melilitite melt (Table 3, S2) however, is undoubtedly different from
that of the intracontinental melilitites and nephelinites, based on
146 melilitite and 640 nephelinite volcanic rock data, using the
GEOROC (https://georoc.mpch-mainz.gwdg.de/Georoc/) database
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Fig. 4. Total alkalis - silica (TAS) diagram showing the silicate glass, representing the melilitite melt composition, in the melt inclusions quenched at 1050 °C (purple half-
filled circles) and 1100 °C (red half-filled circles). For comparisons, silicate glass in melt inclusions from plutonic melilite (heated to 1050 °C, Guzmics et al., 2012) are plotted
as black half-filled circles. Note that any half-filled circles represent silicate melt compositions from coexisting immiscible silicate-carbonatite melts. Light grey half-filled
circles: silicate melt compositions from experimental run product at 850 °C and 0.5 GPa (Kjarsgaard et al., 1995), dark grey half-filled circles: melt inclusion-hosted silicate
glass data from a volcanic, evolved nephelinite-phonolite at Kerimasi (850 °C, Guzmics et al., 2019). Empty triangles and squares represent melilitite and nephelinite volcanic
rocks, respectively, from continental settings (based on GEOROC database, https://georoc.mpch-mainz.gwdg.de/Georoc/). Silicate melt compositions from melt inclusions
(with no compositional data for coexisting immiscible carbonatite melt) are plotted from Elbe Zone (in plutonic melilitite at 1150 °C, Seifert and Thomas, 1995), from
Gardiner complex (in plutonic melilitite at 1050-1100 °C, Nielsen et al., 1997), from Mt. Vulture (in volcanic trachy-basalt at 1250 °C, Panina and Stoppa, 2009). These silicate
melts data are indicated by open circles with rim colors of green, brown and purple, respectively. Experimental data are from Cape Verde (from basanite to phonolite, 1100-
1250 °C, Weidendorfer and Asimow, 2022) are indicated by orange circles. Grey area indicates a compositional range of natural silicate liquids immiscible with carbonatite
melts. Green dashed arrow shows the direction of an initially low-degree high-CaO partial melt towards increasing degree of partial melting from the same source (e.g., deep
continental lithosphere). Grey dashed arrow indicates the schematic evolutionary trend of primitive highly magnesian melilitite and nephelinite melts (during fractional
crystallization) to immiscibility. Brown dashed arrow shows the evolutional path of silicate melts that coexist with an immiscible carbonatite melt from high (1100 °C) to low
(850 °C) temperatures. TB - trachybasalt, B. Trachy-andesite - basaltic trachy-andesite. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

(Figs. 4 and 6). After our selection procedure (see Supplementary
Material), these rocks are thought to be representative of melts
with small contributions of cumulate minerals. Figs. 4 and 6 show
that the overwhelming majority of melilitite and nephelinite vol-
canic rocks have higher MgO + FeO” contents accompanying higher
mg# (up to 0.77) and much lower CaO and alkali contents than the
melilitite melts in our melt inclusions (mg# = 0.35-0.52). In addi-
tion, no other melilitite and nephelinite rocks are as strongly
SiO,-undersaturated as the studied melilitite melts (Fig. 4). The
question therefore arises at what conditions can silicate-
carbonatite immiscibility for these distinct compositions be
predicted?

6.3. CaO- versus MgO-rich systems

We plotted our melt data together with experimentally deter-
mined silicate-carbonatite two-liquid fields in the pseudoternary
systems SiO, + Al,05; + TiO, — CaO — Na,O — CO, (Brooker and
Kjarsgaard, 2011) and SiO, + Al,05 + TiO, — MgO + FeO' — Na,0 +
K;0 — CO; (Lee and Wyllie, 1997, 1998) on Fig. 6a and b, respec-
tively. Comparison of pseudoternary systems offers a demonstra-
tion of how the size of the two-liquid field depends on CaO/
(MgO + FeO"), p and T (Fig. 6). A petrologically important phe-
nomenon we should note is when immiscible silicate-carbonatite
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melts are in equilibrium with clinopyroxene and calcite on the lig-
uidus. This is identical when the silicate-calcite liquidus field
boundary surface reaches the immiscibility field and, therefore,
defines points ‘f" and ‘g’ (see Fig. 6a) in the system SiO, + Al,03 + TiO,
— Ca0 — Nay0 + K0 (Lee and Wyllie, 1996, 1997, 1998). In our
samples the coexistence of the silicate-carbonatite melts with cal-
cite and clinopyroxene, at melt entrapment, is evidenced petro-
graphically (Fig. 2d). Based on above experimental works, we
estimated the silicate-calcite liquidus surface at various p, shown
with black dashed curves on Fig. 6a. At high p (>1 GPa) the
silicate-calcite liquidus surface terminates at the two-liquid field
at points ‘f" and g’ very close to the composition of our immiscible
melts quenched from 1100 °C (Fig. 6a). At lower p (~0.5 GPa)
points ‘f" and ’g’ join at the thermal maximum of the two-liquid
field far away from any known natural melt compositions
(Fig. 6a). At p of ~ 0.2 GPa silicate-calcite liquidus surface does
not likely touch any experimentally confirmed two-liquid fields
in the system SiO, + Al,O03 + TiO, — CaO — NaO + K,0 (Fig. 6a)
(Kjarsgaard, 1998; Lee and Wyllie, 1998).

In addition, natural, low degree mantle-derived melts contain
significant amounts of MgO and FeO", so a combined interpretation
of CaO- (Fig. 6a) and MgO + FeO'-bearing (Fig. 6b) systems is
important. In the CaO-bearing system (Fig. 6a), as the p increases,
the immiscibility field expands, while temperature has the
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Fig. 5. (A) Representative Raman spectra on both unheated and heated-quenched (run 1100 °C) silicate glasses. Besides the typical envelope-shaped characteristics, the bands
related to high intensity and thus high concentration of dissolved carbonate is demonstrated here (CO, contents are 7.5 and 8.0 wt% in unheated and heated-quenched melt
inclusions, respectively). Also, given the small intensity difference between and heated-quenched and unheated glasses it can be stated that likely there was no H,0-loss from
the silicate glasses due to the furnace experiments. (B) Representative Raman spectra of carbonate (calcite and nyerereite) daughter minerals in the unheated melt inclusions.

opposite effect. Considering a minimum temperature of 1050 °C for
primitive alkaline silicate melts (Guzmics et al., 2012), the two-
liquid field determined at 1.5 GPa and 1275 °C (Brooker and
Kjarsgaard, 2011) is a good approximation for its maximum extent
(Fig. 6a). In contrast, an increase in temperature and especially p in
a Mg + Fe-bearing system results in more pronounced reduction of
the two-liquid field (Fig. 6b). Thus, at high p (>1 GPa), the addition
of mafic components (FeO' and MgO) to the CaO-bearing system
causes increased shrinkage of the two-liquid field. This strongly
limits the composition of Mg + Fe-rich silicate melts capable of
exsolution of carbonatite melts at high p (>1 GPa) and T (>1050-
1100 °C). The composition of the studied CaO-rich and mafic melil-
itite melts in Fig. 6a is well within the 1.5 GPa immiscibility field.
In Fig. 6b, they are outside the field determined at 1 GPa, close to
the limbs. This arrangement allows silicate melts with similar
compositions to those reported here to exsolve carbonatite melts
at a p of 1 to 1.5 GPa. The compositions of the studied carbonatite
melts plot close to the limb of 1.5 GPa field (Fig. 6a), also support-
ing high-p immiscibility.

6.4. Potential of silicate melts to exsolve CaCOs-rich carbonatite melts
in high proportion

Compositions of magnesian melilitites and nephelinites are far
away from immiscibility field at any reasonable pressures
(Fig. 6). Figs. 4 and 6 suggest that prolonged fractional crystalliza-
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tion may lead initially magnesian silicate melts to reach the two-
liquid field only at lower T (<~850-900 °C) and unmix alkali-rich
carbonatite melts. At this point the silicate melts show phono-te
phrite—tephri-phonolite compositions and are likely to have lost
most of their original MgO and CaO contents (Figs. 4 and 6).
[jarsgaard (1998) studied experimentally immiscible melilitite-
carbonatite melts at 0.5 GPa and 0.2 GPa and showed carbonatite
melts exsolved below 1025 °C and 930 °C, respectively. Although
these immiscible melts can precipitate calcite after crystallization
of liquidus minerals (silicates and oxides) at temperatures
<925 °C (0.5 GPa) and <900 °C (0.2 GPa), calcite is certainly not a
liquidus phase (Lee and Wyllie, 1998). This is also true for experi-
ments using nephelinite starting compositions from oceanic hot
spots. Even though the immiscibility is observed at somewhat
higher p and T i.e, 1 GPa and 1100 °C (Weidendorfer and
Asimow, 2022), immiscible silicate melts compositions are
strongly reduced in CaO (<10.50 wt%), MgO (<1.85 wt%) and FeO"
(<3.58 wt%) relative to our CaO-rich and mafic melilitite melts
(Table 3) and far from calcite liquidus surface at 1 GPa (Fig. 6a).
Melt inclusions (this study, Guzmics et al., 2012, 2019; Nielsen
et al., 1997) and further experimental studies (Kjarsgaard et al.,
1995; Brooker and Kjarsgaard, 2011) show that the lower the tem-
perature the lower the CaCO5 content of the immiscible carbon-
atite melt (Fig. 6a). Fractionated and evolved silicate melts such
as phonolites or evolved nephelinites are enriched in alkalis and
decreased in divalent cations as Ca and Mg and are not able to dis-
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immiscible silicate-carbonatite melts:
&——= 1100 °C, this study
&—a 1050 ‘C, this study
=——= 1100 °C, 1 GPa, experimental nephelinite
&——a 1050 ‘C, plutonic melilitite, melt inclusions, Kerimasi
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- = 850 C, volcanic melt
silicate melts:
1100-1250 C, 1 GPa, experimental basanite
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Fig. 6. (A) SiO, + Al,03 + TiO, - CaO - Na,0 + K,0 pseudoternary and (B) SiO, + Al,03 + TiO, - MgO + FeOT - Na,0 + K,0 pseudoternary diagrams (projected from CO,) and
their close-up view (parallelograms) showing the main compositional factors of high p - high T silicate-carbonatite liquid immiscibility. Arrows and melt compositional data
are the same as in the Fig. 4 and thus are explained in there. Grey solvii (both continuous and dashed ones) show the extension of the silicate-carbonatite melt immiscibility
field at different p and T, after the experimental works of Lee and Wyllie, 1998 and Brooker and Kjarsgaard, 2011. Grey solid arrows labeled as p and/or T indicates the
direction of shape change of the immiscibility with changing p and T. Red, blue and grey lines indicate tie-lines, which connect the immiscible melt compositions. Black
dashed curves demonstrate the calcite liquidus curve at different p. Points of ‘f' and ‘g’ define when the silicate-calcite liquidus field boundary surface reaches the
immiscibility field and, therefore, define coexistence of the silicate-carbonatite melts with calcite and clinopyroxene, at melt entrapment. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this artic

solve carbonate ions in such high amounts compared to strongly
Si-undersaturated CaO-rich silicate melts with high divalent cation
contents. Low p (<0.5 GPa) and T (<850 °C) immiscible carbonatite
melts are enriched in alkalis, and not as strongly calcite-normative
as the high-p-T carbonatite melts. Thus, it can be concluded that
the lower the p and T, the lower the chance for calcite precipitation
and the silicate melts tend to exsolve a smaller portion of carbon-
atite melt with increased alkali and decreased CaO contents. A high
formation p of the melt inclusions is also suggested by the cal-
cite + cpx daughter mineral phase assemblage and the absence of
any melilite-group mineral (likely akermanite) in the melt inclu-
sions. The lack of akermanite in a melilite-normative melt, like
the silicate melt in melt inclusions (Figs. 2 and 3), could be
explained by entrapment p conditions higher than the akermanite
stability in the presence of a CO,-rich melt, that can be reached at
>~0.7 GPa, according to Yoder (1975).

The melilitite melt compositions are clearly proving their
potential for reaching immiscibility at 1100 °C as inferred from
the heating-quenching experiments. Immiscible carbonatite melts
at this T are rich in CaCO3 and elevated in P,0s5 (3.0-5.3 wt%)
(Table 3). Calcite saturation of the melt at such high T and p pro-

le.)
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vides the capability for the carbonate melt to crystallize significant
volumes of calcite carbonatite rocks (often composed of calcite and
apatite), once it can separate from the silicate melt (Guzmics et al.,
2012; Weidendorfer et al., 2017, Yaxley et al., 2022). Our study
shows that melt compositions likely provide one of the earliest
states of immiscible carbonatite melt that precipitates calcite at
high T (>1100 °C) and thus due to its further evolution, it poten-
tially forms calcite carbonatite rocks much more voluminously,
than the Mg-rich melilitites or nephelinites.

6.5. Implication for parental melt composition

In this section, we aim to estimate the composition and under-
stand the formation conditions of the SiO,-undersaturated melili-
tite melts represented in the studied melt inclusions, compared
to primitive melilitite/nephelinite intracontinental volcanic rocks.
Note, neither the studied melt inclusions nor the volcanic rocks
likely represent an actual parent melt as their compositions could
have been slightly modified by either early fractionation at plu-
tonic depths (e.g., Tappe et al., 2003) or cumulation effect of min-
erals (Glazner, 1994).
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The main driving force for a parent silicate melt to reach an
immiscibility field at high-p (~1-1.5 GPa) could have been both
the T decrease and crystal fractionation-controlled melt composi-
tional change (Nielsen et al., 1997; Guzmics et al., 2012). The stud-
ied melilitite melts and the intracontinental melilite volcanic rocks
demonstrate minor compositional shifts due to crystal fractiona-
tion from a parent melt. Among the major elements, strong SiO,-
undersaturation (and thus the melilite normative character) is a
key point as fractionation trends result in increase in SiO, and
Al,03, together with a decrease in the mg#, likely reaching compo-
sitions of evolved phonolitic melt composition (Figs. 4 and 6). Yet,
early magmatic co-fractionation of clinopyroxene and phlogopite
might shift from forsterite-saturated melanephelinite melt
towards larnite-normative melilitite melt (Veksler et al., 1998)
and is theoretically demonstrated by a shift from the SiO, + Al,03-
rich to the CaO rich-compositions on Fig. 6a. This process, however,
is not supported for melilitite-type melts (Fig. 6a) and therefore its
effect is unlikely to occur in nature. On the other hand, the crystal-
lization of early cumulate oxides, like magnetite and perovskite,
should increase the melt SiO,-content. Therefore, oxide precipita-
tion was not responsible for production of strong SiO,-
undersaturation in the melilitite melts (Figs. 4 and 6).

The compositional difference between the studied melilitite
melts and the intracontinental volcanic rocks (Fig. 6) could be
accounted for by different source rocks for the parental melt and/
or difference in the extent of partial melting (Fig. 7). Experiments
and studies on natural rocks indicate that melilitite rocks, occur-
ring in volcanic fields from continental settings formed by low-
degree (~5%, Brey and Green, 1977) partial melting of a garnet
lherzolite (Fig. 7) with high CO, content (Brey, 1978), sometimes
assuming minor phlogopite in the source (e.g., Baudouin and
Parat, 2020; Tappe et al., 2007; Wilson et al., 1995).

Garnet lherzolite, however, cannot be considered as a source for
the studied melilitite melt even when assuming a lower degree of
partial melting (~<1-3 %) than the volcanic counterparts (~<5%).
According to experimental observations, silicate melts formed by
low-degree partial melts of a CO,-bearing garnet lherzolite source
will be low in SiO; (~<30 wt%), high in CO, (~<15 wt%), and low in
alkalis (2-3 wt%) but quite high in MgO (19-20 wt%) (Dasgupta
et al.,, 2007). As discussed in the previous section, the last two com-
positional features likely preclude silicate-carbonatite immiscibil-
ity (Fig. 6). Generally considering a lherzolite source rock,
continuous increase in the degree of partial melting from ~<1%
to ~ 10%, melt compositions will show progressive enrichment in
MgO and SiO, and decrease in CaO-and alkali-content (Frey et al.,
1978; Klein and Langmuir, 1987; Dasgupta et al., 2013; Green,
2015). Thus, the increasing degree of partial melting decreases
the likelihood of early silicate-carbonatite immiscibility. For exam-
ple, once the degree of partial melting forms an alkali basaltic melt
composition (~8-11 %, Zou and Zindler, 1996), then it will hardly
be capable of exsolving carbonatite melt at any stage of its evolu-
tion (Fig. 7).

To sum up, the high alkali (9-15 wt%, where Na,0 = 6.7-12.7 wt%
K,0 =1.8-3.2 wt%) and CaO contents (16-24 wt%), and the medium
MgO-content (4.0-5.9 wt%) of the studied melilitite melts (Table 3,
Table S2) are very unlikely to have resulted from low degree melting
of a four-phase (olivine, orthopyroxene, clinopyroxene and garnet)
lherzolite source. This statement seems to be valid even in case of
near solidus melts of a non-metasomatized garnet lherzolite source
as shown experimentally (e.g., Davis et al., 2011), where Na,0 + K,0
cannot reach a value higher than 3-4 wt%. The source of the studied
melilitite could rather be an enriched lithospheric segment: either a
modally metasomatized lherzolite containing amphiboles and phl-
ogopites or even a MARID-type (acronym for mica-amphibole-ruti
le-ilmenite-diopside) lithospheric segment (Fig. 7), to account for
the elevated alkalis and CaO-content in the studied silicate glass
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(Forster et al., 2018). The studied area, Kerimasi, supports this idea
as it belongs to the North Tanzanian Volcanic Province, where the
underlying lithosphere is inferred to be extremely heterogeneous
from a lithological point of view (e.g., Dawson, 2008). Numerous
studies point to the assumption that the lower part of the cratonic
lithosphere is intensely metasomatized along the rift (Lloyd and
Bailey, 1975; Norry et al., 1980; Clement, 1982; Dawson and
Smith, 1992; Dawson, 2002; Ngwenya and Tappe, 2021), as indi-
cated by pargasite-bearing rocks along the eastern rift (Foley
et al., 2012), and phlogopite-bearing rocks along the eastern rift
(Rosenthal et al., 2009; Baudouin and Parat, 2020) as well as seismo-
logic data (Wolbern et al., 2012). Moreover, Dawson (1999)
remarked that each xenolith suite in Tanzania contains modally
metasomatized xenoliths. This lithospheric environment could have
been the source for many fossil carbonatites, forming during intra-
continental rifting in the past as well. In numerous locations where
fossil carbonatites occur, modally metasomatized mantle xenoliths
were brought by the volcanic activity to the surface, which is con-
temporaneous and cogenetic with the carbonatite rock formations,
i.e.,, Bearpaw (Downes et al., 2004), Kaiserstuhl (Sigmund and Keller,
1994), Kola peninsula (Downes et al., 2005), Vulture volcano
(Stoppa et al., 2009), eastern Canada (Tappe et al., 2006). Moreover,
Tappe et al. (2008) state that a cold cratonic mantle lithosphere is an
important host of MARID-type vein assemblages, derived from pre-
ceding tectonic and magmatic events. However, isotopic systemat-
ics rather support that modal metasomatism of the deep
lithosphere, (possibly by a fluid phase as the metasomatic agent)
could be related to the same rifting process that gives the source
for the carbonatite-melilitite immiscible melts (Tappe et al.,
2017). It all strongly indicates that silicate and carbonatite melts
that are represented in the studied melt inclusions could have been
formed at intracontinental settings where a modally metasoma-
tized mantle lithosphere produced low degree partial melts and
could be one of the key tools to crystallize calcite carbonatite rocks
voluminously (Fig. 7).

CaO-enrichment in the source may be derived from melting of
pargasitic amphibole, as well as diopsidic clinopyroxene in the
source. Additionally, according to previous studies, low-degree
partial melts having Na,O/K,0 > 1 indicate an assemblage in the
source that is richer in amphibole relative to phlogopite (Green,
1973; Foley et al., 1999). In this case, considering the stability of
pargasite (Green et al., 2010); the melt could have been formed
at a depth not greater than ~90 km (~3 GPa).

6.6. Fe-Ti cumulates as containers of early immiscibility?

The melilitite melt composition reported here is not repre-
sented in any volcanic edifices with melilititic and nephelitinic
rock compositions, based on the extensive GEOROC database
(https://georoc.mpch-mainz.gwdg.de/Georoc/). We can therefore
conclude that the melilitite melt in our samples, at this early stage,
did not produce volcanic events on the surface (Fig. 7) and conse-
quently might have remained hidden.

This study suggests that oxide cumulates, mainly built up by
magnetite and perovskite can thus be a significant container of
such early-stage silicate — carbonate melt (+fluid) immiscibility,
as the extremely SiO,-undersaturated melts would preferentially
crystallize oxides besides minor silicate and carbonate minerals
at their early stage of melt evolution. Therefore, such cumulate
rocks can never be representative of the melt(s) from which they
crystallized. Consequently, melt inclusion studies of Fe-Ti cumu-
lates related to alkaline magmatism could be a key tool to under-
stand early magmatic processes. It has also been discovered that
natural representations of incipient melt compositions from a con-
tinental lithosphere at high p can be rather studied via primary
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Fig. 7. Schematic figure showing the differing capacity of parental melts to produce calcite-carbonatites. Each schematic column represents the simplified evolution of the
different parental melts (evolution direction goes upward as the p and T decreases) and tends to show both the relative p and T where carbonatite melt exsolves (if it happens
at all) from the parental melt resulting in silicate-carbonatite immiscibility. In addition, the relative volumes of the crystallizing calcite carbonatite rocks are also indicated
(right hand side of the column, if exists), besides the silicate rocks (left hand side of the columns). The different parental melts are formed either by the partial melting of
presumably different source rock (deep lithosphere) and/or via different degrees of melting. Moreover, on top of the columns, we demonstrate the formation of these parental
melts in different stages of rifting. The studied melt inclusions represent the left side column, the continental melilitite and nephelinite volcanic rocks are represented by the
middle column, whereas the right-side column indicates a parental melt that likely formed by higher degree partial melting than the two other columns and thus is not
capable to exsolve any carbonatite melts. Our finding is that the CaO- and alkali-rich CO,-bearing SiO,-undersaturated melt is the most capable melt to reach the
immiscibility at higher p (~ >1 GPa) and higher T (~1100 °C), relative to a CaO- and alkali-poorer but MgO-richer but also CO,-bearing SiO,-undersaturated melt, which will

produce silicate-carbonatite-immiscibility at lower p. For details, see text.

melt inclusions hosted by oxide-rich cumulates instead of any vol-
canic rocks.

7. Conclusions

Perovskite-hosted melt inclusions from Kerimasi volcano
demonstrate the existence of immiscible melilitite and carbonatite
melts (+fluid phase) at high p (>1 GPa) and high T (>1050 °C) dur-
ing entrapment. Compositions of these immiscible melts have been
compared to melilitite and primitive nephelinite volcanic rock
compositions, all from an intracontinental setting, and the follow-
ing conclusions can be drawn. Carbonatite melt is CaO and alkali-
rich whereas melilitite melt is mafic, strongly SiO,-undersaturated
and rich in Ca0-, CO,- and alkalis. These melts are represented in
the studied melt inclusions but not in the melilitite and primitive
nephelinite volcanic rocks in the geological record. The source of
the parent melt of the melt inclusions is most probably modally
metasomatized deep lithospheric mantle, which is likely more
enriched in pargasite than in phlogopite. The parent melt is
inferred to have formed by low degree partial melting of such a
source.
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However, melts formed from high degrees of partial melting of
this source, or any melt from a non-metasomatized deep litho-
spheric source (i.e., garnet lherzolite), will have a significant MgO
content. This is a compositional feature of most continental melil-
itite and primitive nephelinite volcanic rocks. The relatively high
MgO precludes early high p-T immiscibility; this will be delayed
until much more evolved stages of melt evolution are reached. In
contrast, CaO and alkali-rich melilitite melt, formed at the onset
of continental rifting, bear significantly higher potential to form
volumetrically significant calcite carbonatite rocks than their more
magnesian, alkali-rich counterparts.
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Appendix A. Supplementary material

It includes one figure showing the Al,O; versus FeOT and CaO
versus FeO" diagrams of the silicate glasses within the melt inclu-
sions. In addition, there is a description of the selection rules used
for the GEOROC database on melilitites and primitive nephelinites.
Tables show the entire dataset for major element composition of
calcite (Table S1), silicate glasses (melts) and quenched carbonatite
melts (Table S2 and S3, respectively). Supplementary data to this
article can be found online at https://doi.org/10.1016/j.gca.2023.
03.027.
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