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Abstract

Silicocarbonatites are carbonatite rocks containing >20% silicate minerals. Their formation is not well understood due to
low silica solubility in carbonatite melts and negligible amounts of silicate minerals on carbonatite melt cotectics at upper
crustal conditions. We explore whether silicocarbonatites can be thought of as antiskarns: rocks formed by leaching of SiO,
from siliceous wall rocks by carbonatite melts, and its deposition as solid silicate minerals by reaction with chemical com-
ponents already present in the carbonatite melt. Solid state thermodynamic modelling at 1-5 kbar and 500-800 °C predicts
that calcite—dolomite—magnetite assemblages will transform to dolomite-free silicocarbonatites with an increase in silica
contents. In sodic systems, the formation of aegirine and alkali amphiboles suppresses silica activity despite elevated silica
contents. Therefore, dolomite remains stable, but Fe3* is consumed, firstly from magnetite breakdown, and secondly by
coupled Fe oxidation and reduction of CO, to CO, CH,, and graphite, particularly at higher pressures. Despite a net increase
in Fe**/Fe?*, the system evolves to increasingly lower oxygen fugacity. In aluminous systems, nepheline indicates high
temperatures whereas alkali feldspars form at lower temperatures. Modelling of potassic systems demonstrates stability of
mostly phlogopite-rich biotites, leading to Fe>* increase in all other carbonate and silicate phases. We find that perthites are
expected in high pressures whereas two feldspars are more likely in lower pressures.

Aspects of the clinopyroxene natural compositional trend (diopside to hedenbergite to aegirine) of carbonatite systems can be
explained by silica contamination. Ferrous clinopyroxenes typically require low alumina and are predicted in potassic or low
temperature sodic systems, primarily at mid to high pressures. Silica contamination permits the formation of silicocarbonatite-
like assemblages in a way that is not limited by SiO, solubility in carbonatite melts. Glimmerites and clinopyroxene-rich
rocks (such as the ijolite series) that often occur around carbonatite rocks at the contact with silica-oversaturated wall rocks
can be explained as the extreme end of silica contamination of carbonatite melts. Therefore, these clinopyroxenites and
glimmerites can form solely via metasomatic processes without the presence of a silicate melt.

Keywords Pyroxenite - Alkaline complexes - carbonatite - Carbonatite metasomatism - Antiskarn - Glimmerite -
Phlogopitite - Aillikite

Introduction

Silicocarbonatites are defined as containing more than
Communicated by Othmar Miintener. 20% silica (Le Maitre et al. 2002; Mitchell 2005), but
their origin is somewhat enigmatic. Silica solubility in
carbonatite melts at sub-1000 °C crustal conditions is
typically low (Anenburg and Guzmics 2023; Martin et al.
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of immiscible carbonatite—silicate pairs (Kamenetsky et al.
2021; Woolley 2003). Evidence for immiscibility largely
lies in observation of immiscible pairs in melt inclusions
(Berndt and Klemme 2022; Guzmics et al. 2019, 2015;
Mitchell and Dawson 2012; Sharygin et al. 2012; Veksler
and Lentz 2006), and abundant experimental evidence for
its existence (Brooker and Kjarsgaard 2011; Kjarsgaard
and Hamilton 1988; Kjarsgaard et al. 1995; Lee and Wyl-
lie 1998; Martin et al. 2013, 2012; Veksler et al. 2012).
However, generalising small scale immiscibility features—
whether experimentally or in natural inclusions—to larger
occurrences is challenging and a convincing demonstra-
tion that any certain alkaline silicate-complex formed by
immiscibility is lacking (e.g. Doroshkevich et al. 2017).
A second hypothesis suggests that silicate rocks represent
cumulate silicate minerals from one or more batches of hot
carbonated silicate melts that eventually evolve to carbon-
atite melts (Doroshkevich et al. 2017; Savard and Mitchell
2021; Woolley 2003; Wu et al. 2017).

A third, relatively new hypothesis is silica assimilation
by carbonatite melts (Vasyukova and Williams-Jones 2022).
Such melts are increasingly being recognised as metaso-
matic agents that facilitate chemical exchange between the
carbonatite system and its surrounding rocks (Anenburg
et al. 2020a; Giebel et al. 2019; Hode Vuorinen and Skelton
2004; Skelton et al. 2007; Vasyukova et al. 2023). The best
known of these processes is fenitisation, in which carbon-
atite-derived alkali fluids migrate to siliceous wall rocks,
increasing their Na and K contents, and transforming them
into rocks containing a characteristic assemblage of alkali
feldspars, micas, aegirine, riebeckite, arfvedsonite, and
other alkali-rich minerals (Elliott et al. 2018). Less known
are the recently recognised antiskarns, which are rocks that
occur within the carbonatite igneous bodies and contain
mineral assemblages indicating contamination of the car-
bonatite melt by externally derived silica (Stoppa 2021; Su
et al. 2023). The mineral assemblage observed in antiskarns
likely depends on the evolutionary stage of the carbonatite
melt (Yaxley et al. 2022). Antiskarns forming from primi-
tive carbonatite melts in which alkalis are yet to be strongly
enriched often contain Mg and Ca-silicates typical of tra-
ditional skarns such as olivine, diopside, and wollastonite
(Bouabdellah et al. 2022; Chmyz et al. 2022; Su et al. 2023).
In contrast, antiskarns formed in more evolved and alkali-
rich carbonatite systems contain mineral assemblages akin
to those observed in the fenites mentioned earlier (Vasyu-
kova and Williams-Jones 2023; Yaxley et al. 2022; Zheng
et al. 2023). Although both antiskarns and silicocarbonatites
describe silicate rocks or mineral assemblages occurring in
carbonatite systems, they do not refer to the same thing. The
term “antiskarn” describes the genesis whereas “silicocar-
bonatite” is descriptive (see Fig. 1 for details). Also note that
we only consider silicocarbonatites as those rocks in which
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Fig.1 A graphical representation of the relationships between
antiskarns and silicocarbonatites. Note that “not a carbonatite” is
defined according to the IUGS (Le Maitre et al. 2002). The recent
redefinition of a carbonatite as any carbonate-containing rock that
crystallised from a carbonatite melt regardless of carbonate mineral
contents (Yaxley et al. 2022) would include these rocks in the “car-
bonatite” definition. Whether any substantial amount of internally-
derived silica (marked by *) actually exists in carbonatites is ques-
tionable, see text for discussion

the silicate minerals formed concurrently with the carbona-
titic magmatic activity. Rocks in which later hydrothermal
fluids introduced silica, often in the form of quartz, are not
considered here (e.g., the silicified carbonatites of Viladkar
2019; Zhang et al. 2022).

Experimental studies of antiskarn formation are limited
by a narrow range of pressure (P) and temperature (7)) con-
ditions, and complicated chemical systems (Anenburg and
Mavrogenes 2018; Vasyukova et al. 2023). Additionally, due
to the challenging experimental design required to control
oxygen fugacity (fO,), the behaviour of ferric and ferrous Fe
remains unknown. As minerals rich in Fe** and Fe** occur
in carbonatite and antiskarn systems—appearing in miner-
als such as magnetite, ankerite, amphibole, and aegirine—
understanding the fate of Fe during carbonatite metasoma-
tism is a crucial aspect of antiskarn reactions, with potential
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implications for other redox sensitive elements such as sulfur
and carbon.

Here we present a computational thermodynamic study
of phase relations in silica + alumina-contaminated non-
sodic, sodic, and potassic carbonatite systems. We examine
the reactions and overall chemical and mineralogical trends
that occur during introduction of SiO, to a solid assemblage
characteristic of carbonatites. Finally, we expand on the new
mechanism introduced by Vasyukova and Williams-Jones
(2022) to explain some chemical and mineralogical char-
acteristics observed in natural carbonatite complexes, such
as the presence of abundant silicate minerals inside calcite
carbonatites, and the ubiquitous association of carbonatites
and pyroxenites or glimmerites (biotite-rich rocks), particu-
larly when hosted by silica-rich wall rocks.

Thermodynamic modelling

We model solid—solid—fluid equilibrium during silica con-
tamination of a carbonatite system. Due to lack of experi-
mental data, there are no suitable activity-composition
models for carbonatite melts, preventing a fully quan-
titative model (the models of Massuyeau et al. 2015 and
Zhao et al. 2022 are mostly relevant for mantle pressures
and do not cover the compositional range required here).
However, it is a solid assemblage that is preserved in the
geological record, and any silicate contamination of a
carbonatite system is invariably recorded in the resulting
minerals. Modelling of the solid—solid equilibria is also
appropriate at high degrees of crystallisation and contami-
nation in which the system transitions from melt-buffered
to mineral-buffered. Thus, the modelled solid—solid and
solid—fluid interactions provide useful semi-quantitative
compositional trends that may be compared and contrasted
with those in natural carbonatite systems. We emphasise that
we are not modelling any real system with a constrained
liquid line of descent or reaction path, but rather looking for

compositional variations in solid assemblages and associ-
ated C—O-H fluids. The systems considered here are ini-
tially simplified, but gradually build up to a comprehensive
Na,0-Ca0O-K,0-FeO-Mg0O-Al,0,-S10,-H,0-0,-CO,
system (see Table 1, and Fig. 2).

Equilibrium phase diagrams were calculated using the
2/12/2023 version of Perple_X 7.1.5 (Connolly 2009), ther-
modynamic database DS-62 (Holland and Powell 2011),
and the following activity-composition models: oCcM(EF)
(calcite—magnesite—siderite and dolomite—ankerite solid
solutions, Franzolin et al. 2011), Omph(GHP) (clinopy-
roxene, Green et al. 2007), cAmph(G) (amphibole, Green
et al. 2016), P1(I11,HP) (ternary feldspar, Holland and Powell
2003), Neph(FB) (nepheline—kalsilite solid solution, Ferry
and Blencoe 1978), Bi(W) (mafic micas, White et al. 2014),
Sp_II(WPC) (magnetite and spinel, White et al. 2002), and
O(HP) (forsterite and fayalite olivine, Holland and Powell
1998). The “naph” phase (Na-phlogopite) was excluded due
to its persistent stability in Na,O-bearing models at low lev-
els (always below ~3.5%, often much lower), lack of Na in
the Bi(W) model that could incorporate it, and negligible
Na contents in natural micas from carbonatites and related
rocks. Thus, this exclusion does not significantly impact the
predicted phase equilibria. The CO, and H,O components
were transformed into elemental carbon and hydrogen with
the excess oxygen added to the O, component, to permit
the use of a generic hybrid molecular fluid equation-of-state
solution model (GFSM) via the “GFSM T” keyword and
“COH-Fluid” activity-composition model (Connolly 1995).
Bulk compositions used in modelling are given in Table 1.
Phase diagrams are calculated over a temperature range of
500-800 °C. Pressure effects at upper crustal conditions
(100 to 500 MPa) are minimal and a mean value of 300
MPa is used as the sectioning pressure. Grid resolution was
increased from the default by using “x_nodes 50 200” and
“y_nodes 50 200 keyword options.

In low temperature metamorphic rocks (e.g. blueschist),
differences in the space-group symmetry between ordered

Table 1 Absolute molar S0 S1 NO NI A0 Al KO K1

compositions used in Perple_X

modelling Na,O 0 0 0.001 0.36 0.36 0.36 0.36 0.001
CaO 3 3 3 3 3 3 3 3
K,0 0 0 0 0 0 0 0.001 0.36
FeO 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
MgO 1 1 1 1 1 1 1 1
Al O, 0.0005 0.0005 0.0005 0.0005 0.004 0.4 0.4 0.4
Sio, 0.004 1.75 1.75 1.75 1.75 2.55 2.55 2.55
H,0 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
0, 0.045 0.045 0.016 0.016 0.016 0.016 0.016 0.016
Co, 5.5 4.7 4.7 4.7 4.7 4.7 4.7 4.7
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Fig.2 The variation in oxide component relative proportions as the model compositions progress from a SO to S1, b NO to N1, ¢ A0 to A1, and

d KO to K1. Changing components are marked with a bold line

disordered C2/c Ca pyroxene and P2/n Ca—Na ompha-
cite results in two compositional regions of immiscibility
between (1) Ca pyroxene and Ca—Na omphacite and (2) jade-
ite and Ca—Na omphacite (e.g., Matsumoto and Banno 1970;
Tsujimori 2005). In contrast, both Ca pyroxene and aegirine
are in the C2/c space group and full miscibility is expected.
The Omph(GHP) model incorrectly predicts two-pyroxene
assemblages for high-Fe**—low-Al Ca—Na pyroxenes at low
temperatures in our phase diagrams. Here we allow immis-
cibility, but take the averaged abundance and composition
of the two pyroxene phases where erroneous two-pyroxene
immiscibility occurs.

Silica activity was calculated by modelling a SiO,-only
system using identical gridding parameters, leading to a pure
assemblage of quartz across the entire 7-X range. Chemical
potential was extracted from the pure quartz and the car-
bonatite models, and then used in the following equation to
derive silica activity:

model _ quartz
. Hsio, ~ Hsio,
aSio, = exp — )

Oxygen fugacity (fO,) was expressed relative to the
fayalite—magnetite—quartz (FMQ) buffer calculated by mod-
elling an assemblage of fayalite, magnetite, and quartz end-
members. Chemical potential of O, was extracted from the
FMQ assemblage and the carbonatite model, and used in the
following equation to compute oxygen fugacity (Anenburg
and O’Neill 2019):
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The exclusion of melt is not detrimental to this model,
because at the relatively low temperatures considered here, a
carbonatite melt is likely to be multiply saturated with many
minerals. The solid phase compositions are constrained by
their mutual equilibrium in a system with low degrees of
freedom such that any melt compositions are likewise deter-
mined and have little influence on the solid phases. In other
words, the solid assemblage buffers the melt composition.
Because carbonatite melts are not modelled here, equilib-
rium states between components derived from the presumed
melt (e.g. Na,O and K,0) and components derived from
contaminating silicate rocks (e.g. SiO, and Al,O;) require
a different approach. X0 compositions such as NO or KO
reflect a scenario where the chemical component (Na,O and
K,O in our example, respectively) is wholly soluble in the
melt and not available for silicate phase formation. Increas-
ing their amounts in our models mimics a process in which
those components are pulled out of the melt, simulating the
decrease of their solubility during silica contamination. By
comparing these series of equilibrium states with natural
rocks, we can test our assumptions on melt behaviour despite
a melt phase not being included in the models. That the
mineral compositions and assemblages parallel those found
in nature (as will be evident below) is validation that the
exclusion of carbonatite melt does not significantly influ-
ence our results.
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In our modelling, we use mostly constant C, H, and O
contents. This has two major effects. First, it constrains the
stability fields of hydrous or carbonated phases to fixed posi-
tions in our phase diagrams. However, we use a wide compo-
sition range such that all assemblages of interest, as observed
in natural rocks, are considered in the modelling. Allowing
for variable C—O—-H fluid bulk compositions—for example
by buffering fugacities—will shift some phase boundaries on
the diagrams at the cost of increased complexity. Second, it
allows us to examine how chemical potentials of fluid com-
ponents vary based on the solid mineral assemblage, and
decouple them from any potential open system behaviour
of the fluid. For example, we do not model decarbonation
reactions via changing CO, contents. Instead, we model
how introduction of silica forces decarbonation for a given
bulk composition. Our specified C—O-H components result
in CO,-rich compositions, as is often observed in natural
carbonatites. Pure aqueous synmagmatic fluids are highly
atypical.

Results

Pseudosections and modelling results for 300 MPa are
shown in Figs. 3, 4, 5 and 6, whereby each panel shows the
variability of a single parameter in 7-X space. All “moles
of...” panels show absolute molar abundance, not percent-
age. Details of all other parameters are given in Table 2.
Figures 3, 4, 5 and 6 only show the key results of our model-
ling. We strongly encourage this paper is read alongside the
Supplementary Figures, which contain the complete set of
phase abundances and compositions, for 300 MPa as well
as 100 and 500 MPa, along with pseudosections for all pres-
sures, and derivation notes for calculated parameters.

The system Ca0-Fe0O-Mg0-Si0,-H,0-0,-CO, (S0-
S1)

For the first compositions (SO0-S1), we consider the addi-
tion of SiO, to the solid assemblage of calcite, dolomite,
and magnetite (Fig. 3). Carbonatite melts are often satu-
rated with these three minerals for a portion of their crustal
evolution duration and the solid calcite-dolomite—magnet-
ite assemblage approximates magmatic carbonatite systems,
particularly below ~900 °C when silica is mostly insoluble
(Yaxley et al. 2022). Silica is added into the base carbonatite
composition (S0), up to the amount shown as S1 in Table 1,
and Fig. 2a. Carbon dioxide contents were initially set to be
slightly in excess, such that all metal oxides have associ-
ated carbonate anions, if stable. Carbon dioxide contents are
reduced towards S1 due to some metal cations sequestered in
silicate minerals, releasing additional CO, and negating the

need for a large excess. A negligible but nonzero amount of
Al,O; was introduced to correctly stabilise the Omph(GHP)
model.

The observed assemblages are, as a first approximation,
similar to those observed in metamorphosed silica-bear-
ing carbonate rocks (Moore and Kerrick 1976; Tracy and
Frost 1991), and metasomatism at the contact between sili-
ceous intrusions and carbonate rocks (i.e. skarns, Cook and
Bowman 2000). At least for this simplified system (CFM-
SHO + CO,), the equilibrium and reactions are essentially
the same in both skarns and antiskarns. The difference lies in
the formation mechanism and geological setting. For exam-
ple, at low temperatures (<590 °C), addition of silica leads
to formation of Ca-amphibole and calcite at the expense of
dolomite (Fig. 3a, Supp. Figures 1-6), approximated by the
following simplified reaction:

5CaMg(CO;), + 8SiO, + H,0

dolomite + silica + water

(D
= tremolite + carbon dioxide + calcite

The partitioning of Mg from carbonate to silicate
phases leads to enrichment of the Fe-endmembers anker-
ite in dolomite and siderite in calcite (Fig. 3f, Supp. Fig-
ures 1-6), which themselves break down at higher Xg,;
leading to a Fe-richer amphibole at high SiO, contents
(Fig. 3, Supp. Figures 1-6). Details and discussions of
further phase relations and reactions occurring between
forsterite, diopside, tremolite, calcite, and dolomite in
CO,-H,0-bearing systems are available in most meta-
morphic petrology textbooks.

At higher temperatures (> 600 °C) clinopyroxene and oli-
vine predominate, with their proportions a function of the
amount of added silica. Initially, dolomite is destabilised in
favour of calcite and olivine until about X, =0.3 (Fig. 3a,
¢, Supp. Figures 1-6), followed by assemblages with cal-
cite and diopside at higher Xg,. The relevant reactions in
the natural system are similar to Reaction (1), but without
H,O0 as a reactant and with olivine and diopside instead of
amphibole as a product.

For most of the modelled space, magnetite contains a
minor magnesioferrite component, except at high tempera-
ture and low Xg; in which magnetite becomes substantially
magnesian (Fig. 3e). This is reflected in fO, which likewise
attains lower values at these conditions, and an increase
in reduced fluid species (Fig. 3b, Supp. Figure 1-6).
Interestingly, fO, shifts substantially (~ 3 log units) with-
out any change in the bulk O, contents, but instead by
(1) a redistribution of Fe?* between different minerals
as a function of temperature and the concentration of a
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Fig.3 a Pseudosection for the system SO-S1 with the boundaries for
dolomite (pink), olivine (light green), and clinopyroxene (dark green)
bearing fields highlighted. Silica activity is also contoured (white

non-redox sensitive component (SiO,), and (2) differences
in the 7-fO, slopes between the modelled assemblage and
FMQ at constant compositions. Silica activity is similarly
strongly dependent on temperature, with higher values at
lower temperatures (Fig. 3a). An extension of the model
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to lower temperatures will result in silica forming quartz
instead of ferromagnesian silicate minerals (as observed
to form via low temperature and late stage fluids in car-
bonatites, Zhang et al. 2022), but this process is beyond
the scope of this manuscript.
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The system Na,0-Ca0O-Fe0-Mg0-Si0,-H,0-0,-
CO, (NO-N1)

Carbonatite melts are often highly sodic. Sodium contents
are known to increase in the later stages of carbonatite

03 05 07 O
composition: NT1/(NO+NT)

combined mole fraction of reduced fluid species, d aegirine compo-
nent in clinopyroxene, e ankerite component in dolomite, and f mag-
nesite component in calcite

evolution (Chayka et al. 2021; Moll€ et al. 2022; Weiden-
dorfer et al. 2017; Yaxley et al. 2022). However, no Na-
carbonate or oxide phases exist in the Holland and Powell
(2011) thermodynamic database. As a result, the addition
of Na,O as a component requires additional silica to form
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Na-silicates, which are listed in the thermodynamic data-
base. Thus, practical constraints only allow exploring the
compositional space between Na,O-free and Na,O-rich sil-
ica-bearing carbonatite endmembers. We therefore adjust
the S1 composition to create NO: an initial carbonatite that
already contains silica, from which we derive N1 with
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elevated contents of Na,O (Table 1, Fig. 2b), with a maxi-
mum content limited by SiO,. The amount of oxygen is low-
ered to better demonstrate the reduction of CO, (see below).
Given that total Fe remains the same, this has the additional
effect of increasing Fe**/Fe’", similar to differentiation in
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Fig.6 a Pseudosection for the system KO-K1 with the boundaries for
dolomite (pink), olivine (light green), magnetite (blue), and clinoam-
phibole (brown) bearing fields highlighted. Silica activity is also con-
toured (white lines). Side panels show additional contours of b fO,,

natural carbonatite systems because magnetite is typically an
early crystallising mineral (Anenburg et al. 2021).

The principal host phase for Na is the aegirine endmem-
ber in clinopyroxene (Fig. 4). Throughout most of the mod-
elled 7-X space, clinopyroxene abundance remains roughly
constant, but aegirine contents increase almost linearly with

¢ combined moles of reduced fluid species, d aegirine component in
clinopyroxene, e Fe** occupancy in biotite, and f Fe** occupancy in
clinoamphibole

the increase of Na,O, replacing the hedenbergite component
(Fig. 4d, Supp. Figures 7-12). At Xy; <0.2-0.3, the ferric
component of magnetite is consumed to form the aegirine
component in clinopyroxene (Supp. Figures 7-12), with
the ferrous component mostly partitioned to calcite as the
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Table 2 Compositional
parameters

Phase (abbreviation)

Compositional parameter

Component or endmember fraction formula

Calcite (Cal)
Dolomite (Dol)
Olivine (Ol)

Magnetite (Mag)

Clinopyroxene (Cpx)

Clinoamphibole (Cam)

Magnesite
Siderite

Ankerite
Fayalite
Magnesioferrite
Al occupancy
Hedenbergite
Aegirine

Al occupancy
Fe(II) occupancy
Fe(III) occupancy

Na occupancy

MgO
Ca0+FeO+MgO

FeO
CaO+FeO+MgO

FeO
FeO+MgO
fa
fa+fo
—herc
mt+sp+herc
_sprthere
mt+sp+herc
hed+0.5¢fm
di+jd+acm+hed+om+cfm+jac
0.5jd+acm+0.50m+0.5jac

di+jd+acm+hed+om+cfm-+jac

jd+0.50m+0.5jac
di+jd+acm+hed+om+cfm-+jac

Tgrun+4a+5b
7(mrbG+gl+ts+parg-+kprg+cumm+grun-+tr+a+b)
mrbG
mrbG+gl+ts+parg+kprg+cumm+grun+tr+a+b
2mrbG+-2gl+parg

3(mrbG+gl+ts+parg+kprg+cumm-+grun+tr+a+b)

Al occupancy 241,03
K-pargasite kprg
mrbG+gl+ts+parg+kprg+cumm+grun+tr+a+b
Nepheline (Neph) Kalsilite Kls
ne+kls
Feldspar (Fs K s
P ( P) san+abh+an
Ca __an
san+abh+an .
Biotite (Bt) Fe(II) occupancy __ Zann+lobi
3(fbi+east+ann+phl+obi)
Fe(I1I) occupancy i
fbi+east+ann+phl+obi
COH-Fluid CO+H,+CH, __ CHH;¥CO
CO,+CH,+H,+CO+H,0
H,0 H,0

CO,+CH,+H,+CO+H,0

See Supplementary Materials along with the Perple_X solution_model.dat for more details. Abbreviations

are after Warr (2021).

siderite component. In a natural system, such a process
would take the form of the reaction:

Fe**Fe)*0, + Na,CO; + 4Si0,
= 2NaFe**Si,04 + Fe**CO; @
magnetite + sodium carbonate + silica

= aegirine + siderite

The sequestration of silica in aegirine leads to a substan-
tial drop in silica activity (Fig. 4a), stabilising dolomite to
higher temperatures at the expense of olivine and the diop-
side component of clinopyroxene (Supp. Figure 7-12).
Dolomite and clinopyroxene were mutually exclusive in the
Na-free model above, but here they are stable together for all
but the Na-poorest compositions. Towards Xy, =1, aegirine
consumes most SiO,, and silica activity becomes sufficiently
low that olivine destabilises (Supp. Figure 7-12), with the
Mg partitioning into calcite as the magnesite component

(Fig. 4f).

@ Springer

At Xy, > 0.2-0.3 magnetite is exhausted (Fig. 4a). None-
theless, the addition of Na,O must stabilise aegirine. The
fixed amount of excess O, between NO and N1 requires that
Fe*" is produced by oxidation of Fe*" in FeO by reducing C
in CO, to CO, H in H,O to H,, or both to CH, (Fig. 4c). All
Fe?*-bearing phases show a decrease in their Fe** contents
with increasing Xy, (e.g. Fig. 4e, Supp. Figures 7-12). Such
a process may occur in natural systems through the reaction
of Na,CO; with hedenbergite (here using CO for simplicity):

2CO, + Na,CO; + 2CaFe**Si, Oy
= 2NaFe**Si,04 + 2CaCO; + CO
carbon dioxide + sodium carbonate + hedenbergite

= aegirine + calcite + carbon monoxide
3)
In our models, amphibole which is stable below 580 °C,
becomes Na—Fe**-dominant at Xy, close to 1 (Supp. Fig-
ures 7—12), thus a reaction comparable to Reaction (3) may
occur with amphibole as a product instead of aegirine.
The full consumption of magnetite marks a signifi-
cant change in the fO, of the predicted phase assemblages
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(Fig. 4b). At higher X\, the slopes are sub-horizontal, indi-
cating that the aegirine-forming reactions serve as an fO,
buffer, with gradual increase of reduced fluid species. Some
reduced carbon is also predicted as solid graphite, particu-
larly at lower temperatures (Supp. Figures 7-12).

The system Na,0-CaO-Fe0O-MgO0-Al,0,-5i0,-H,0-

Silica contamination is rarely accomplished on its own.
Often, the silica is sourced from Al-bearing minerals in the
wall rocks, introducing an Al,05 source. Compositionally,
AO is identical to N1, and towards Al there is an increase
of both Al and Si on a 1:1 molar basis as to not dilute the
previous introduction of SiO, (Table 1). The complete vari-
ation in relative oxide proportions from AO to Al is shown
in Fig. 2c.

Elevated Al,O; contents strongly expand amphibole sta-
bility fields (Fig. 5). As expected, the combined introduction
of Al,0O5 and SiO, primarily stabilises nepheline at tempera-
tures greater than about 600 °C and albite at lower tempera-
tures (Fig. 5, Supp. Figures 13-18). Their coexistence in
natural rocks will buffer aSiO, close to 0.23 via the reaction:

NaAlSiO, + 2Si0, = NaAlSi;Oq

nepheline + silica = albite

“

Both minerals require Na, which is primarily sourced
from aegirine. This has the knock-on effect of reversing the
sodium introduction model (NO-N1, Fig. 4), leading to (1) a
modest increase of fO, (Fig. 5b), (2) increase of silica activ-
ity (Fig. 5a), (3) increase of the hedenbergite and diopside
components in clinopyroxene (Fig. 5d, Supp. Figure 13-18),
(4) increase of Fe** proportions in most phases (Fig. 5c,
d), and (5) modest increase of oxidised species in the fluid
(Supp. Figure 13—-18). In particular, magnetite is stable only
above 730 °C at>0.5 X, ;, whereas previously magnetite was
stable only at low silica contamination (Figs. 3, 5). How-
ever, these reversals are not completed due to Al-enhanced
amphibole stability (Fig. 5f): the predicted amphibole is
highly sodic, retaining Fe** as the arfvedsonite, riebeckite
and nybgite components (Fig. 5c, Supp. Figure 13-18). As
a result, Fe-oxidation and C-reduction driven by O, parti-
tioning also stabilises graphite and reduced fluid species in
the AO—A1 model (Fig. 5a, Supp. Figure 13-18). Dolomite
is again consumed to form olivine and calcite according to
Reaction (2) (Supp. Figure 13-18). Ultimately, the partition-
ing of Fe>* between silicate phases, amphibole and clino-
pyroxene, as opposed to a silicate and oxide, results in only
moderate changes in fO, with varying degree of contamina-
tion (Fig. 5b).

The system Na,0-Ca0-K,0-Fe0-Mg0O-Al,0,-Si0,-

Finally, to examine the contrasting effect of K relative to
Na, composition Al is replicated as KO and towards K1,
Na,O is gradually replaced by K,O on an atom-by-atom
basis (Table 1, Fig. 2d). This stabilises micas and permits
the introduction of K into minerals with a Na—K solid solu-
tion (amphibole, feldspar, nepheline).

The most obvious result of adding K is biotite formation
at the expense of other magnesian and aluminous phases
(Fig. 6, Supp. Figures 19-27). Olivine is not predicted
throughout much of the modelled space (Fig. 6a). Dolomite
is also destabilised at higher K,O contents (particularly at
Xk > 0.4, Fig. 6a, Supp. Figure 13-18). Lower feldspar and
nepheline abundances occur as alkalis and Al,O; are trans-
ferred to biotite (Supp. Figure 13—-18). These phases remain
entirely sodic until a dramatic switch to potassic composi-
tions is predicted over a short interval of roughly 0.2 X,
units at Xi, > 0.5 (Supp. Figure 13—18). The phase boundary
between K-feldspar and kalsilite occurs at a higher tempera-
ture compared to the albite—nepheline boundary. These two
minerals also buffer aSiO, (Fig. 6a) via:

KAISiO, + 2Si0, = KAISi;O4

kalsilite + silica = K-feldspar ©)

Aegirine contents of clinopyroxene drop to zero towards
X, =1 (Fig. 6d), where some Fe* is partitioned into mag-
netite (Supp. Figure 13—18). This is accompanied by a dras-
tic increase in silica activity and fO, (Fig. 6a, b), and desta-
bilisation of graphite and reduced fluid species (Fig. 6c¢).
Despite the elevated fO, conditions, in some cases higher
than those prevailing in the SO-S1 model, magnetite is only
sparsely stable (Fig. 3b, 6b). Instead, Fe** is sequestered in
the tetraferriphlogopite component in biotite (Fig. 6e) and
sodic amphibole (Fig. 6f). However, fO, greatly increases
because buffering reactions depend on the composition, not
the amount, of reactants and products, and the predicted
oxide is nearly pure magnetite (Supp. Figure 13—18).

We encounter the alkali feldspar solvus in our mod-
elling (Fig. 6a). At lower pressures, this solvus is trun-
cated by the limited feldspar stability relative to nepheline
and kalsilite (Fig. 7). With increasing pressure, the feld-
spar—nepheline boundary rises in temperature at a higher
rate than the solvus. At 3 kbar there is a small tempera-
ture gap of about 40 °C in which a single intermediate
feldspar is stable above the solvus, and this gap increases
with pressure (Fig. 7). This feldspar—nepheline relation-
ship indicates that a single feldspar with perthite exsolu-
tion is expected at high pressures whereas two feldspars
are expected at lower pressures. This behaviour is opposite
to the classic one-or-two feldspar granites, in which two
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Fig. 7 Simplified pseudosection showing stability fields of feldspars,
nepheline, and kalsilite at 1 (red), 3 (purple), and 5 kbar (green).
Shaded fields indicate two feldspar fields. Thick dashed lines indicate
the temperature gap within the one feldspar field between top of the
feldspar solvus and nepheline or kalsilite stability fields

feldspars are expected at higher pressures (Bowen and Tut-
tle 1950; Morse 1970).

Discussion

Our modelling results strongly depend on the starting com-
positions used as model inputs. Furthermore, we chose a
single compositional point of a previous modelling step
as the starting point for the next, out of essentially infinite
possibilities. As a result, we mostly avoid referring to spe-
cific or quantitative compositions. Temperature ranges of
phase stabilities and reactions shift with pressure, and the
choice of 3 kbar is somewhat arbitrary. Models calculated
at | and 5 kbar are available in the Supplementary Materi-
als and allow examination of the pressure effect on phase
equilibria. Such an approach allows us to test the sensitiv-
ity of the system and predict the relative effects of silica
contamination of a carbonatite melt. Here we extrapolate
our predictions to trends found in natural rocks.

Note that the models represent possible equilibrium
states, and do not imply a process or a path. That is, a
progression from low X0 to high X1 on any model is not
meant to replicate a process occurring in nature. We are
conducting sensitivity testing using a series of equilib-
rium states to see the possible effects of different bulk
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compositions on the predicted mineral assemblages, their
solid solution, and fluid compositions. Any natural pet-
rological process will follow a non-linear segment that
likely hops between compositional models, including (and
likely) those which we have not modelled. We encourage
readers to make use of the modelling files available in the
Supplementary Materials to derive their own comparable
models and explore additional compositions.

Silicocarbonatites—result of silica contamination?

The formation of silicocarbonatites has been much debated
(Brady and Moore 2012; Chakhmouradian et al. 2008; Gie-
bel et al. 2019; Viladkar 2019). The simplest offered expla-
nation is that any silicate minerals found in such rocks
are phenocrysts crystallising directly from the carbonatite
melt (e.g. Moore et al. 2022; Prokopyev et al. 2021, and
illustrated in the bottom right of Fig. 1). This hypothesis
is challenged by the low solubility of SiO, in crustal car-
bonatites. For example, nepheline, biotite, and olivine are
common minerals in silicocarbonatites. All three contain
about 40 wt% SiO,. A typical silicocarbonatite containing
25% of any of these minerals would then have 10 wt% SiO,
in the bulk rock. Other common silicocarbonatite miner-
als such as clinopyroxenes or amphiboles would raise the
bulk rock SiO, contents even higher, as their SiO, contents
reach around 50 wt%. Experimental works on the compo-
sition of immiscible carbonatite—silicate melts at crustal
pressures (< 1 GPa) show that SiO, contents rarely exceed
5 wt% in the carbonatite melt (Brooker and Kjarsgaard
2011; Kjarsgaard 1998; Kjarsgaard and Hamilton 1988;
Kjarsgaard et al. 1995), and are negligible at temperatures
below ~ 1000 °C (Anenburg and Guzmics 2023; Weiden-
dorfer and Asimow 2022), although not without contro-
versy (Berndt and Klemme 2023). At mantle pressures
(=2 GPa), Si0O, contents can be higher, but only reach
concentrations of < 10 wt% (Martin et al. 2013, 2012). If
carbonatite rock compositions are taken to represent the
melts from which they crystallised, this poses a paradox.
The low silica solubilities mean that silicates in a silico-
carbonatite cannot crystallise directly from the carbonatite
melt. However, carbonatite rocks are in fact cumulates
which do not represent the melt from which they crystal-
lised (Veksler et al. 1998; Wei et al. 2020; Yaxley et al.
2022), and the modal mineral proportions can represent
any minerals crystallising from the melt at the time. In that
case, a silicocarbonatite might comprise a volume subset
of an entire carbonatite intrusion which happened to cap-
ture crystallising silicates (e.g., Cooper and Reid 1998,
and again consistent with the illustration in the bottom
right of Fig. 1). However, this process, like direct phe-
nocryst crystallisation, cannot result in silicocarbonatites
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because solidifying carbonatite melts primarily crystallise
calcite and dolomite, whereas silicates only consist of a
minor part of any instantaneous cotectic assemblage crys-
tallising at a given time. For example, Weidendorfer et al.
(2017) show that a fractionating carbonatite melt will only
form around 4% clinopyroxene compared to the amount
of calcite formed. Likewise, experiments by Anenburg
et al. (2020b) show that in their clinopyroxene-saturated
carbonatite (i.e., the carbonatite melt has as much as SiO,
as possible, cf. Barker 2001), the crystallising carbonatite
leads to an assemblage dominated by calcite and about
5% olivine. The phase diagrams given by Lee and Wyllie
(2000) similarly indicate that only a very small amount
of clinopyroxene or olivine will crystallise together with
calcite or dolomite. These studies make it apparent that
silicocarbonatites cannot form by accumulation of silicate
minerals from a crystallising carbonatite melt. Whilst we
have no objection to some silicocarbonatites containing
silicate antecrysts forming during the carbonatite melt
ascent from a hot (~ 1200 °C) mantle (Moore et al. 2022;
Stoppa et al. 2019), these systems represent a minority
among silicocarbonatites in which silicate minerals are
typically of a cooler crustal origin.

Here we suggest that silicocarbonatites form when car-
bonatite melts react with surrounding siliceous wall rocks
and leach SiO, + Al,O5. The term often used in relation to
silicate magmas is “assimilation”. However, assimilation
implies that solid components from the wall rock are dis-
solved and transported into the silicate melt, to remain in
liquid solution. Here, the presence of the assimilated wall
rock components in the carbonatite melt is merely ephem-
eral, as any additional SiO, is rapidly deposited into solid
mineral phases. The leaching reaction triggers saturation of
silicate minerals in the carbonatite melt due to their low
solubility. Practically, the carbonatite melt functions as a
flux-diffusion medium that transports SiO, from the wall
rocks into crystallising minerals.

In nature, silicate minerals forming by silica contami-
nation can misleadingly appear as phenocrysts. There is
no requirement for the silicate minerals to form at the car-
bonatite—silicate reaction interface. For example, reaction
experiments between liquid carbonatites and solid silicates
by Anenburg and Mavrogenes (2018) resulted in olivine
crystals that formed deep within the carbonatite section of
the experimental capsule, and not in direct contact with the
original silicate mineral assemblage. Hode Vuorinen and
Skelton (2004) demonstrated that crystals which were origi-
nally present in wall rocks surrounding carbonatite dykes at
Alnd (Sweden) were removed into the carbonatite during its
intrusion. The crystals were then chemically modified such
that they have the false appearance of primary phenocrysts
when they were in fact xenocrysts. Particularly instruc-
tive is the case of the Caotan carbonatite, which contains

uncontaminated dolomite carbonatites in close proximity
to silica-contaminated olivine calcite carbonatites (Wei
et al. 2020). Both calcite and dolomite carbonatites con-
tain roughly similar CaO and MgO contents, but the con-
taminated calcite carbonatite contains up to~17 wt% SiO,
(bringing it close to the formal silicocarbonatite 20 wt%
Si0, threshold), whereas the uncontaminated dolomite car-
bonatite contains much lower SiO,, between 0.3 wt% and
2.6 wt% (Wei et al. 2020).

Although we previously emphasised the low silica solu-
bility in carbonatite melts, detailed work by Brooker and
Kjarsgaard (2011) and Otto and Wyllie (1993) revealed that
SiO, contents greater than 10 wt% are possible in cases of
alkali-poor carbonatite melts. Although most carbonatite
rocks are indeed alkali-poor, this is misleading as the melts
from which these crystallised were alkali-rich. Evidence
includes the ubiquitous occurrence of surrounding fenite
aureoles, alkali-rich fluid and melt inclusions, and the com-
position of the silicate minerals themselves with potassic
micas, and sodic clinopyroxenes and amphiboles (Yaxley
et al. 2022).

Clinopyroxene compositions

Clinopyroxenes in carbonatites and related rocks often
exhibit a compositional trend which starts with pure diopside
compositions, followed by an increase in Fe which is dis-
tributed mostly as hedenbergite and marginally as aegirine.
The trend concludes with a strong increase of the aegirine
component at the expense of both diopside and hedenbergite,
up to pure aegirine compositions (Reguir et al. 2012). At its
peak, the hedenbergite component can consist of between 20
mol% and 40 mol% of a single clinopyroxene composition.
The cause of the diopside—hedenbergite—aegirine trend is
not discussed in detail by Reguir et al. (2012); instead, they
ascribed it in passing to the “course of magma evolution”.
We would like to emphasise that this trend does not neces-
sarily indicate an evolutionary process, but may instead sim-
ply record the possible range of clinopyroxene compositions
in carbonatite systems. This compositional range is achieved
because silica contamination can occur in different stages
of carbonatite melt evolution, as it intrudes into whatever
silicate lithologies happen to be at the site of carbonatite
magmatism.

Clinopyroxene composition ranges achieved in our mod-
elling are presented in Fig. 8. We only include the N, A,
and K models in Fig. 8 because the S model would be a
horizontal line connecting diopside and hedenbergite along
the ternary edge. The S model is the only one which models
the silica contamination process, whereas the other mod-
els (N, A, and K) explore compositional variations in an
already contaminated rock. It is likely that a model combin-
ing both aspects would be able to replicate the observed
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natural compositions close to the diopside endmember. Por-
tions of our modelled compositional range agree with natural
observations (Reguir et al. 2012). First, potassic models sig-
nificantly overlap with natural aegirine-poor compositions
(Fig. 8). This indicates the capacity of phlogopite to extract
Mg from all other minerals, and strongly push clinopyrox-
ene into hedenbergite-rich compositions. For non-potassic
compositions there is very little overlap. Nonetheless, we
find that low temperature and high pressure sodic models
(N and A at<600 °C and > 3 kbar) reach the natural clino-
pyroxene field. We note that our modelled composition has
a nominal equal molar mix of calcite and dolomite. In natu-
ral systems, sodic compositions are typically reached after
protracted magmatic differentiation that fractionated Mg,
either as dolomite or as Mg-rich antiskarn silicate miner-
als. The difficulty of achieving hedenbergite-rich clinopy-
roxenes could be simply the result of our predetermined
Mg-rich composition. An examination of the host rocks for
the hedenbergite-rich compositions in Reguir et al. (2012)
confirms our suspicion that they contain few, if any, Mg-rich
silicate minerals, other than phlogopite. Since ferromagne-
sian micas are ubiquitous in carbonatites, our K models are
better suited to simulate natural carbonatite compositions.
Interestingly, Reguir et al. (2012) reports that the clino-
pyroxenes covered by their review are solely found in cal-
cite carbonatite samples, often within their silicocarbonatitic
parts. No predominantly-calcic clinopyroxenes are found in
dolomite carbonatites (see also calcite carbonatites hosted
within pyroxenites described by Ackerman et al. 2017).
This is consistent with our Na-free model (SO-S1, Fig. 3)
showing that there are no stable assemblages of dolomite
and clinopyroxene at magmatic temperatures (> 600 °C),
whereas these two phases may be cogenetic at lower tem-
peratures. In contrast, clinopyroxene + dolomite assemblages
are stabilised to higher temperatures in our Na-bearing

aegirine

aegirine

models, albeit over a limited compositional range (N and
A, Figs. 4 and 5). The increased stability of clinopyroxene
and dolomite in the Na-bearing model is probably the result
of the lower silica activities relative to the Na-free model
(Fig. 4). The two most aegirine-rich localities discussed by
Reguir et al. (2012), Aley and Murun, do contain dolomite
(Chakhmouradian et al. 2016b), but their association with
aegirine is unclear. These observations can be extended
to hydrous assemblages. For example, Hogarth (2016)
describes dolomite carbonatites that contain very little sili-
cates, and calcite carbonatites with abundant phlogopite,
magnesio-riebeckite and magnesio-arfvedsonite. These cal-
cite silicocarbonatites occur at the contact with surrounding
quartz-bearing granitoids, whereas the dolomite carbonatites
are found deeper inside the carbonatites (Hogarth 2016).
The Belaya Zima plutonic complex in Russia provides an
example consistent with our Na-rich model compositions. It
is characterised by the classic ring-like carbonatite structure
with ankerite carbonatites in the core, surrounded by dolo-
mite carbonatites, and finally rimmed by calcite carbonatites
(Doroshkevich et al. 2016, 2017). Clinopyroxene rocks of
the ijolite series occur around the various carbonatites at the
contact with the silicate rocks (Doroshkevich et al. 2017).
Here, clinopyroxene occurs in the same rocks as dolomite,
apparently in contradiction with the dolomite—clinopyrox-
ene exclusion principle discussed above. However, The
Belaya Zima rocks are highly rich in alkaline phases such
as burbankite and hilairite. Clinopyroxene reaches composi-
tions very close to pure aegirine in these carbonatites. The
high alkalinity suppresses the increase in silica activity as
Si0, is introduced into the system, as is shown in Fig. 4.
Our model permits the coexistence of dolomite—ankerite
and clinopyroxene in alkaline compositions, as long as it
is of roughly aegirine composition (Fig. 4). This is consist-
ent with mass balance considerations as both dolomite and

aegirine
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Fig.8 Clinopyroxene compositions along isobaric and isothermal sections of models N, A, and K. Carbonatite-hosted clinopyroxene data from

Reguir et al. (2012) shown for comparison as the grey area
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diopside compete for Mg. Adding silica results in dolomite
breakdown to diopside, but if Na and Fe3* are available, sil-
ica addition will form aegirine instead, leaving Mg available
for other phases. Similar relationships occur at the Mont-
viel, Baikal, and Storkwitz complexes, in which nearly pure
aegirine coexists with ankerite in ferrocarbonatites (Loidolt
et al. 2023; Nadeau et al. 2016; Savelyeva et al. 2016).

Our modelling shows that the presence of Na-poor clino-
pyroxene indicates relatively high silica activities, particu-
larly when close to diopside composition. Inasmuch as the
widespread formation of clinopyroxene indicates silica
contamination, the opposite also holds: Small amounts of
xenocrystic clinopyroxene introduced to an uncontaminated
carbonatite system will destabilise, as the system is still buff-
ered to low silica activities and cannot support clinopyrox-
ene (e.g., Barker 2001). For instance, Giebel et al. (2019)
describes almost pristine clinopyroxene from a silica-con-
taminated carbonatite (the Badberg intrusion at Kaiserstuhl),
but corroded clinopyroxene from silica-uncontaminated car-
bonatites (found at other Kaiserstuhl intrusions). Similarly,
Chakhmouradian et al. (2008) shows that calcite carbonatites
from Eden Lake contain abundant silicates indicative of high
silica activity (titanite, feldspars, zircon, Barker 2001). They
suggest that some of these silicates are xenocrysts derived
from the surrounding silica-saturated rock. The Eden Lake
carbonatites contain no dolomite, but abundant clinopy-
roxene and other Ca-Mg-silicates—an observation that we
interpret as the formation of an antiskarn. Silica derived
from the siliceous host rocks reacted with the dolomitic
component in the carbonatite melt to form the Ca-Mg—sili-
cates, and permitting solely calcite as the stable carbonate
mineral (Fig. 3). Similar relationships are also observed
in Twihinate (Bouabdellah et al. 2022) and Jacupiranga
(Chmyz et al. 2022).

The carbonatite—pyroxenite and ijolite association

A common feature of carbonatite intrusions is their asso-
ciation with clinopyroxenites, which occasionally surround
the carbonatite at the contact with the host silicate rocks, or
appear in other ring-like structures (Ackerman et al. 2017;
Beccaluva et al. 2017; Brassinnes et al. 2005; Chakhmoura-
dian and Zaitsev 2002; Chen and Simonetti 2014; Cherbal
et al. 2019; Cooper and Reid 1998; Doroshkevich et al. 2017,
Hode Vuorinen et al. 2005; Nadeau et al. 2016; Nasir et al.
2003; Prokopyev et al. 2021; Savard and Mitchell 2021;
Viladkar 2017). Most often, these clinopyroxenites contain
some amount of nepheline. These clinopyroxene—nepheline
rocks form the ijolite series. Ijolites usually contain minor
amounts of calcite, and varieties with substantial calcite con-
tents at > 10% are termed hollaites.

[jolites and related rocks are often interpreted as the
crystallisation products of alkaline silicate melts, whether

these melts are the original liquids from which an immis-
cible carbonatite separated, or less related silicate melts
which happen to occur at the same locality (Beccaluva
et al. 2017; Chen and Simonetti 2014; Gittins and Harmer
2003; Groulier et al. 2020; Harmer 1999). Moreover, as
experimental evidence shows that some carbonated silicate
melts can fractionate to the point where they crystallise cal-
cite as an igneous mineral (Brooker and Kjarsgaard 2011;
Kjarsgaard 1998), it has been suggested that some carbon-
atites associated with ijolites are the direct result of ijolite
formation, without distinct immiscibility (Brassinnes et al.
2005; Doroshkevich et al. 2016; Savard and Mitchell 2021;
Veksler et al. 1998; Wu et al. 2017).

Even though ijolites are hypothesised to form from sili-
cate melts, there is a paradoxical paucity of silicate melt
inclusions in some ijolite-hosted minerals. Instead, a com-
mon melt inclusion type found within ijolites and related
rocks is a carbonatite melt: an assortment of Na—K—-Ca
carbonates, halides, sulfates, and other minor phases (Fall
et al. 2007; Guzmics et al. 2012; Isakova et al. 2015; Kaldos
et al. 2015; Le Bas and Aspden 1981; Nielsen et al. 1997,
Prokof'ev et al. 2005; Rankin and Le Bas 1974; Sekisova
et al. 2015; Veksler et al. 1998), which are often indistin-
guishable from melt inclusions found in proper carbonatites
(Chayka et al. 2021; Chen et al. 2013; Fan et al. 2004a;
Guzmics et al. 2019, 2011). The common coexistence of
these carbonatite melts with immiscible silicate melts is
often given as convincing evidence for carbonatite—silicate
immiscibility (Guzmics et al. 2012; Rankin and Le Bas
1974; Veksler et al. 1998). Alternatively, these rocks have
been described as individual magma pulses of varying com-
positions and their mutual mixing and mingling, such as
at the Oka carbonatite complex (Chen and Simonetti 2014;
Chen et al. 2016). However, the presence of carbonatite melt
inclusions in ijolites could indicate that these and related
rocks could have formed directly from the carbonatite melt,
as was suggested by Vasyukova and Williams-Jones (2022).

Our results show that clinopyroxenites can form by addi-
tion of silica to a carbonatite, or alternatively by adding a
carbonatite composition to a silicate rock (approximated
here by 100% SiO,). For example, extrapolation to higher
SiO, of the model shown in Fig. 3 will result in a rock domi-
nated by clinopyroxene with minor calcite. With increasing
silica activity, dolomite would be exhausted to form calcite
and olivine, followed by exhaustion of this newly-formed
olivine and calcite to make clinopyroxene (Fig. 3). Participa-
tion of Al,O; in the contamination process leads formation
of nepheline as major rock forming mineral (Fig. 7). This
assemblage of clinopyroxene, nepheline, and minor calcite
is namely an ijolite, and at higher calcite contents would be
a hollaite. As these silicate-forming reactions lead to sub-
stantial decarbonation (Fig. 3, Supp Figs. 1-6, Reaction (1)),
H,O would be significantly diluted leading to lower H,O
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activities (Supp Figs. 1-6) and preventing copious crystal-
lisation of hydrous phases such as amphiboles or micas,
in agreement with the mostly anhydrous mineral assem-
blage of ijolites (although later hydration of the anhydrous
assemblage to amphiboles is often observed, for example
at Montviel, Nadeau et al. 2016). This contrasts with lower
temperature H,O-rich fluids in which aegirine is unstable
relative to alkali amphiboles such as riebeckite and arfved-
sonite (Bailey 1969; Ernst 1962). Therefore, ijolites may be
metasomatic rocks, forming without the presence of any sili-
cate melts. The chiefly anhydrous clinopyroxene—nepheline
assemblage is consistent with the interpretation of Vasyu-
kova and Williams-Jones (2022) that the ijolite rock family
represent high temperature metasomatic reaction between
early carbonatite melts and siliceous wall rocks. They are
potentially antiskarns—rocks formed by leaching of chemi-
cal components from the surrounding silicate rocks, and
deposition as silicate minerals at the margins of the car-
bonatite melt conduit or chamber. Textural support is pro-
vided Anenburg and Mavrogenes (2018) who experimentally
showed that clinopyroxene consistently forms at or close to
the silicate—carbonatite interface, whereas olivine forms far-
ther away inside the carbonatite (Anenburg and Mavrogenes
2018). This association is often observed in nature, where
clinopyroxene forms on the conduit walls whereas olivine
forms part of the carbonatite rock itself (Wei et al. 2020).

Rare earth element (REE) patterns observed in ijolites are
also consistent with a metasomatic origin. Anenburg et al.
(2020a) studied the REE contents of apatite and clinopyrox-
ene from an antiskarn at Nolans Bore, Australia. The Nolans
Bore clinopyroxene has a characteristic carbonatite-like
sinusoidal pattern in which La—Ce are flat or gently sloping
up until a maximum at Pr or Nd, then a negative slope down
and an additional inflection point at Er—Tm, with a final
increase to Lu. The Nolans Bore apatite is strongly light
REE enriched, with La and Ce at roughly x 10,000 relative to
chondrite, whereas the HREE are much less abundant with
Yb and Lu at only about x 100 relative to chondrite. These
patterns are nearly identical to patterns observed in apatite
and clinopyroxene patterns from ijolites elsewhere, such as
Jacupiranga (Beccaluva et al. 2017), Alnd (Hode Vuorinen
et al. 2005), Prairie Lake and Fen (Savard and Mitchell
2021), as well as non-sodic pyroxenites (Su et al. 2023).
Anenburg et al. (2020a) explained the sinusoidal shape to
result from high CaO activities, such as those encountered
in carbonatites. The same conclusion was reached by Hode
Vuorinen et al. (2005) for their clinopyroxenites, which is
hard to justify for a low-Ca alkaline silicate melt, ergo a
carbonatite origin is more likely.
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Glimmerites

In addition to the common association of carbonatites and
sodic ijolites, some carbonatites are surrounded or contain
biotite-dominated rocks called glimmerites. Like ijolites,
they are common as rims of carbonatite ring structures, but
also occur as replacements of wall rock xenoliths (hence
interpreted as fenites). The Ngualla complex in Tanzania
includes glimmerite facies, mostly associated with calcite
carbonatite (Witt et al. 2019), in agreement with our model
predicting that biotite is predominantly stable in the dolo-
mite-free field (Fig. 6a). Nonetheless, the dolomite carbon-
atites of Ngualla contain minor biotite, which coexist with
strongly ferroan dolomite and ankerite, again consistent with
the Fe-rich composition of our modelled dolomite, in the
limited 7-X region where it is stable (Supp Fig. 22e, 25¢).
Interestingly, Witt et al. (2019) report clintonite, a brittle
mica, which was experimentally found to form in antiskarns
by Anenburg and Mavrogenes (2018). A low temperature
demonstration of glimmerite formation can be found in the
Yangibana carbonatites in Western Australia, which contain
glimmerite reaction zones between Mg-poor ankerite—sider-
ite dykes and the wall rocks (Slezak et al. 2021). Siilinjérvi
in Finland is another example where silica contamina-
tion is likely to have occurred, with the rocks essentially
lying along an continuum between phlogopite glimmerite
and calcite carbonatite, with dolomite being both rare and
Fe-bearing, if present (Al Ani 2013; Mattsson et al. 2019;
O'Brien et al. 2015). Elsewhere, glimmerites are likewise
mostly associated with calcite carbonatites, in agreement
with dolomite instability during contamination of potassic
rich systems (Beard et al. 1996; Nadeau et al. 2016; Pdah
and Khonglah 2022).

Magnesium in calcite and olivine

Our modelling reveals that for alkali poor systems, the Mg
content of calcite is a good indicator for silica contamina-
tion (Fig. 3f). Most carbonatite melts contain dissolved
Mg, often measured in several wt% (Yaxley et al. 2022),
and in the absence of silica, this Mg will partition to any
crystallising calcite, as well as dolomite at more advanced
stages of magmatic differentiation (Yaxley et al. 2022).
This magnesian component is often observed as dolomite
exsolution lamellae in calcite, as high-Mg igneous calcite is
not stable at ambient temperatures (Chakhmouradian et al.
2016b; Chmyz et al. 2022; Zaitsev and Polezhaeva 1994).
However, calcite Mg contents in our models drop rapidly
with the introduction of silica (Fig. 3f). For example, Giebel
et al. (2019) studied several carbonatites from Kaiserstuhl,
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Germany. They show that Badberg, a silica-contaminated
carbonatite with abundant diopside-rich clinopyroxene, con-
tains calcite in which MgO is essentially zero. All other car-
bonatites from Kaiserstuhl are uncontaminated, and contain
between 0.5 and 1.5% MgO. Giebel et al. (2019) suggested
that silica contamination leads to formation of Mg-rich mica
which depletes the calcite of Mg. Our study confirms this
and demonstrates that Mg is preferentially partitioned to sili-
cate phases relative to carbonate phases. This effect is most
obvious in the case of biotite (Supp Figs. 19-27), consistent
with the observations of Giebel et al. (2019). In contrast,
Wei et al. (2020) show forsterite-calcite carbonatites with
only minor silica contamination. There, the low amount of
silica only allowed olivine formation instead clinopyroxene,
leaving minor amounts of residual dolomite (See low Xg; in
Fig. 3a). In this case, some of the MgO remained in calcite
(Fig. 3f). The residual dolomite has lower ankerite compo-
nents compared to the associated uncontaminated dolomite
carbonatite, consistent with our models (Supp Figs. 1-6).

Choudhary et al. (2021) claimed that carbonatite-hosted
Mg-rich olivine comes from the mantle. Alternatively, Li
et al. (2018) implicated Mg-rich olivine in assimilation of
ultramafic xenoliths. However, these forsterite-dominated
olivines are stabilised in our model and are commonly inter-
preted to readily form in carbonatites (Giebel et al. 2019;
Guarino et al. 2017; Guzmics et al. 2011; Mikhailova et al.
2018; Plechov et al. 2018; Xie et al. 2019). These occur-
rences demonstrate the thermodynamic stability of forsterite
and calcite at upper crustal conditions without the need to
invoke xenocrysts or any ultramafic influence.

Magnetite, aegirine, and formation of reduced
phases

Formation of aegirine requires Fe**, presumably sourced
from Fe>* dissolved in the carbonatite melt. Our model does
not consider carbonatite melts, but the magnetite component
of spinel reflects this relationship well. In our Na-bearing
model (NO-N1), magnetite is predicted to be stable with
diopside-rich clinopyroxene (low Xy, in Fig. 4a, d), which
is observed in some carbonatites where magnetite and clino-
pyroxene are cogenetic (Reguir et al. 2012). From NO to N1,
Na,O is increased at constant SiO,. In our models we also fix
the excess O, content (primarily associated with Fe,O; and
CO,) to a constant value. Carbon and Fe are the only redox
sensitive elements in our calculation. As a response to the
increase in Na,O contents, Fe’* is partitioned into clinopy-
roxene while destabilising magnetite (Fig. 4a, d). Magnetite
and aegirine rarely coexist in carbonatites, consistent with
this prediction (e.g., Groulier et al. 2020).

Fluid inclusions in some carbonatites contain abundant
H,0 and CO,, but rare CH, is occasionally observed typi-
cally associated with alkaline mineral assemblages (Biihn

pressure
N 1 1 koar
\\\ 3 kbar
5 kbar

Fig.9 The range of fluid compositions derived from temperature
sections through all models at 100, 300, and 500 MPa and 510, 550,
610, and 710 °C. Temperature was found to have no effect, so it is
not shown here for simplicity. The location of a and b is marked on
shaded area in the c ternary

and Rankin 1999; Cangelosi et al. 2020; Dowman et al.
2017; Fan et al. 2004b; Hurai et al. 2021; Nivin et al. 2005;
Ryabchikov and Kogarko 2009; Ryabchikov et al. 2008; Ting
et al. 1994; Walter et al. 2021; Williams-Jones and Palmer
2002). Natural systems invariably contain abundant H,O,
and therefore the H-absent aegirine-forming Reactions 2 and
3 predicted in our Na-bearing model may not fully apply in
nature. Instead, Fe*™ in aegirine may form by reducing CO,
to CH, through reactions in the general form of:

8Fe’*0 + 4Na,O + 16Si0, + CO, + 2H,0

= 8NaFe’*Si,04 + CH,
iron oxide + sodium oxide + silica 6)
+ carbon dioxide + water

= aegirine + methane

Evidence that this reaction is thermodynamically favour-
able is observed by the increase in CH, contents upon
introduction of Na,O in our NO-N1 models (Fig. 4c, Supp
Figs. 7-12). Such reactions may remove FeO from the melt,
but also destabilise Fe>*-bearing phases such as hedenber-
gite and magnetite. An important property of Reaction 6 is
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that 8 mol of FeO are oxidised and 4 mol of Na,O are con-
sumed for each mole of C reduced. Given that carbonatites
have over an order of magnitude greater CO, compared to
FeO on a molar basis, Reaction 6 could potentially cease
due to FeO exhaustion. Thus, the range of C oxidation states
and their abundance exhibit a significant leverage over Fe.
The relationship of CO,, H,O, and CH, with fO, can be
described by the following equilibrium:

CO, + H,0 = CH, + O,

carbon dioxide + water = methane + oxygen

)

where fO, will evolve as the proportions of CO,, H,O, CO,
and CH, in the fluid change, as dictated by mineral-fluid
equilibria, such as Reaction 6. The fluid composition is pre-
dicted to vary as a function of the Na,O content as shown in
the C-O-H ternary in Fig. 9, where fO, is lowest and H,O
contents are highest at high Xy, (see also Supp. Figure 12d,
). In natural systems, aegirine crystallisation through Fe
oxidation and C reduction (Reaction 6) will decrease the
O/H proportion in the fluid by consuming H,O and CO,.
As a result, fO, will decrease as Reaction 9 progresses and
determines the C-O-H fluid composition. This, in turn,
buffers fO, through the equilibrium in Reaction 7. This
scenario is in sharp contrast to previous work by Morogan
(1994), where the formation of aegirine was explained
to result from increasing fO, Instead, aegirine formation
is predicted here to be accompanied by a decrease in fO,
(Fig. 4b). Similar processes have been shown to lead to for-
mation of aegirine—-methane pairs in sodic peralkaline silica-
undersaturated silicate systems (Markl et al. 2010). At low
temperatures and high H,O contents, formation of riebeckite
and arfvedsonite (Na and Fe>*-rich amphiboles) instead of
aegirine might lead to even lower fO, values (Bailey 1969;
Ernst 1962). One might argue that formation of reduced spe-
cies is inevitable in our modelling solely because of mass
balance considerations—that alkali amphiboles and aegirine
are the only suitable sodium silicates existing in the ther-
modynamic database to accommodate Na, Fe, and Si (Hol-
land and Powell 2011). However, even with the introduction
of Al,O5 in the AO-A1 model, these sodic ferromagnesian
minerals are still stable. Indeed, they are no longer sodic
endmembers (Fig. 5) but still contain considerable Na—Fe>*
components, in excess of the Fe3+ initially available from
magnetite. Thus, they remain stable and retain their reduc-
tive influence on carbon despite the stability of alkali alumi-
nosilicates such as feldspars and nepheline.

The above discussion mostly focused on reduced fluid
species, but our models also predict widespread existence
of graphite over a wide range of temperatures at sodic
compositions (Fig. 4a). Graphite is not often considered a
typical mineral for carbonatites, but this could result from
the simple fact that unless it is well crystallised, graphite
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is frequently overlooked in petrographic studies. Neverthe-
less, graphite has been reported in some carbonatites. Dor-
oshkevich et al. (2007) document graphite with mantle-like
8'3C values, which they interpret as magmatic crystallisa-
tion from a Fe**-rich carbonatite. Their rocks also contain
almost pure aegirine, consistent with our modelling of a Na-
rich system as a requirement for graphite formation. Also of
interest are textures observed in the Newania carbonatites,
where graphite likewise coexists with Fe-rich carbonates
and aegirine (Doroshkevich et al. 2010). These rocks also
contain magnetite, which according to our modelling should
be mutually exclusive with graphite (Fig. 4a). However, the
textures reported by Doroshkevich et al. (2010) indicate
possible disequilibrium whereby graphite occurs as coat-
ing around magnetite grains, or in seemingly replacement
textures. Additional graphite has been reported from clino-
pyroxene-bearing silicocarbonatites elsewhere (Shumilova
et al. 2013).

This process demonstrates an important point regarding
redox exchanges. The appearance of reduced carbonic spe-
cies and the drop in oxygen fugacity do not mean that the
system is any more reduced than before (e.g., Walter et al.
2021; Williams-Jones and Palmer 2002). This is particularly
surprising as carbonatites are considered to be some of the
most oxidised out of all alkaline magmas (Braunger et al.
2020). The bulk amount of oxygen initially associated with
redox sensitive species has not changed in our models (i.e.,
0O, in SiO, is added to the system but does not participate
in any redox transformations). We show that the addition
of redox inert components, like SiO, and Na,O, drives the
crystallisation of phases via modulating the partitioning of
Fe2t and Fe*, as well as redox reactions that can convert
Fe2t to Fe?™. However, if the system remains closed (i.e.,
CH, is not lost after it is produced) then the system itself
is not ‘reduced’ or ‘oxidised’ in response to the redox reac-
tions. Quantitative removal of CH, would oxidise the system
following Reaction 6, a process that may occur in nature.
We find that in carbonatites, the presence of Na, Fe, and
Si requires that aegirine or its amphibole equivalents form,
which in turn imposes the presence of Fe**. The stability
of these minerals overwhelms the otherwise overall oxi-
dised environment, paradoxically leading to the formation
of reduced fluid and carbonic phases even though all Fe is
trivalent. This is counterintuitive in that aegirine and alkali
amphiboles, being Fe’* minerals, are often associated with
more oxidised systems (Ventura et al. 2023; Yagi 1966),
but can exist in our circumstances alongside reduced car-
bon species (thus completing the Fe—C redox couple). This
point is made clearer in our K models where K replaces Na
on an atom-by-atom basis, while all other chemical compo-
nents remain identical. Remarkably, this replacement leads
to a drastic increase in oxygen fugacity and disappearance
of graphite and reduced C—O-H fluid components (Fig. 6a,
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b), despite no changes whatsoever to the amounts of redox
sensitive elements such Fe, C, or O.

A second important point is that oxygen fugacity is not
a driver of chemical change, but rather a monitor of the
chemical potential of O,. Thus, fO, depends on many other
factors besides simple redox reactions, such as stable phase
assemblage, bulk composition, P, and T. It is worthwhile
to remember that in most petrological systems O, is a ther-
modynamic chemical component (i.e., a mathematical con-
struct), and does not actually exist as a phase in the system.
Lower fO, does not necessarily mean that bulk reduction has
occurred (Anenburg and O’Neill 2019).

Limitations and outlook

Our study provides supporting evidence, rooted in thermo-
dynamics, that silicate minerals in crustal carbonatites are
likely to have formed because of siliceous wall rock con-
tamination. The mineral assemblages and compositional
variations predicted here are largely consistent with obser-
vations from natural rocks. Notwithstanding these strengths,
there are some limitations to our thermodynamic modelling.
Perhaps the most obvious is that we model a liquid-bearing
igneous system without including a melt phase. Although in
this case we are assuming the multiple solid phase saturation
buffers the liquid composition, it would be beneficial to have
a carbonatite melt model such that contamination processes
can be reliable at higher temperatures with less solid miner-
als, or to combine such modelling with igneous fractionation
models. Phase stability ranges will also improve because any
currently stable phases might be entirely soluble in a hypo-
thetical liquid phase, ceasing their ability to buffer reactions
and compositions. Any carbonatite melt model will have to
include some of the more common rock-forming minerals
in carbonatites such as apatite, nyerereite, fluorite, baryte,
and gregoryite. Furthermore, some models we used do not
cover the full compositional range observed in carbonatites,
such as lack of F in biotite (e.g., Giebel et al. 2019), and
Sr in calcite and dolomite (Chakhmouradian et al. 2016a).
Although the Na—Fe**-rich compositions of the clinopy-
roxene and amphibole models used here—Omph(GHP)
and cAmph(G)—are sufficiently reasonable (E.C.R. Green,
pers. comm.), additional calibration and validation for
aegirine, arfvedsonite and riebeckite will contribute to the
model accuracies. Finally, in the three years since we began
working on this thermodynamic modelling and final sub-
mission of the manuscript, the Perple_X software package
underwent major updates, upgrades, and bug fixes. These
advances were undoubtedly instrumental to the success of
the thermodynamic models presented here. This discus-
sion ostensively demonstrates that further development of

thermodynamic software, data, and models relevant to car-
bonatite systems will be highly beneficial.

General compositional and mineralogical
trends

Many of the concepts discussed above are readily applied
in the study of natural rocks. For instance, the recent exam-
ple of Fengzhen in the North China Craton is particularly
relevant (described in the appropriately titled paper: “when
carbonatite met granite”, Su et al. 2023). At Fengzhen, cal-
cite carbonatite intrusions into aluminous granite are accom-
panied by zones of pyroxenite with minor syenite blocks.
Geochemically, the pyroxenites are intermediate between
carbonatites and granites. The pyroxenite mineral assem-
blage is dominated by diopside—hedenbergite, K-feldspar,
phlogopite, and olivine. This mineral assemblage is remark-
ably like our K model, with the exception that at Fengzhen,
amphibole is absent whereas olivine coexists with phlogo-
pite. We explain this by lower Al,O; contents at Fengzhen,
in which the carbonatite melt assimilated a quartz—feldspar
assemblage containing a much higher Si:Al ratio than intro-
duced in our A model (Si:Al of 1:1). Su et al. (2023) also
report that oxygen fugacity values at Fengzhen were greater
than FMQ, consistent with their almost Na,O-free rocks
and our K model close to its potassic end (Xg; =1). Similar
characteristics are observed at the Sung Valley carbonatite
(Gogoi and Hazarika 2023), where a silica contamination
origin have not been suggested but is likely to have occurred.

Generalisation of our results to natural rocks leads to sev-
eral guidelines or rules of thumb. The compositional varia-
tions and equilibrium states observed in Figs. 3,4, 5 and 6
(for 3 kbar) and the Supplementary Figures (for other pres-
sures) indicate several trends of note:

1. A contaminated carbonatite will typically contain car-
bonate minerals with higher Fe/Mg compared to a com-
positionally equivalent uncontaminated carbonatite.

2. In an alkali-rich system, the lack of magnetite and pres-
ence of Fe>*-bearing silicates such as alkali amphibole,
aegirine, or tetraferriphlogopite is a strong indicator for
silica contamination.

3. In an alkali-poor system, an uncontaminated carbonatite
will contain a higher magnesioferrite component in the
magnetite, compared to purer magnetite in a contami-
nated carbonatite.

4. Coexistence of dolomite and Mg-rich olivine in a con-
taminated carbonatite occurs over a very narrow tem-
perature range of roughly 600 to 650 °C (at 3 kbar) and
can serve as a thermometer. In an uncontaminated car-
bonatite (i.e., containing only small amount of olivine
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and no other silicates) their coexistence may indicate
higher temperatures.

5. If no micas or other potassic phases are found, albite or
nepheline reliably indicate temperatures lower or higher
than ~ 600 °C, respectively. The boundary rises to~750
°C with introduction of K,O. Nonetheless, a tempera-
ture range of 150 °C is sufficient to differentiate some
petrogenetic processes.

6. In systems with both Na and K, perthite exsolutions in
alkali feldspars are reliable indicators for high pressures,
because nepheline truncates the solvus at low pressures.
This leads to formation of two feldspars instead.

7. Amphibole is stabilised in alumina-rich systems to high
temperatures, and will often sequester more Na-Fe3*
than coexisting clinopyroxenes. This indicates that rie-
beckite or arfvedsonite can be stable and coexist with
only moderately sodic clinopyroxenes (i.e., aegirine-
augite).

8. Graphite coexisting with a Fe>*-bearing silicate is a reli-
able indicator of silica contamination of an alkaline car-
bonatite without sufficient initial Fe** to accommodate
all currently present silicates. Methane is likely to be
generated and potentially trapped in fluid inclusions.

9. Quartz is highly unlikely to form from Fe-rich carbon-
atite melts. Quartz can form at subsolidus conditions via
reequilibration induced by hydrothermal or metamor-
phic activity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-024-02109-0.
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